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EDITORIAL 


Blind spots in biodefense 


n October, the Biden administration released its 
National Biodefense Strategy (NBS-22), the first 
update since the COVID-19 pandemic began. Al- 
though the document notes that one of the lessons 
of the pandemic is that threats originating any- 
where are threats everywhere, it frames threats as 
largely external to the United States. NBS-22 focus- 
es primarily on bioterrorism and laboratory accidents, 
neglecting threats posed by routine practices of ani- 
mal use and production inside the United States. NBS- 
22 references zoonotic disease but assures readers that 
no new legal authorities or institutional innovations 
are needed. Although the US is not alone in failing to 
confront these risks, its failure to comprehensively ad- 
dress them echoes across the globe. 

More zoonotic diseases originated 
in the United States than in any 
other country during the second 
half of the 20th century. In 2022, 
the US processed more than 10 bil- 
lion livestock, the largest number 
ever recorded and an increase of 204 
million over 2021. Risks occur across 
the supply chain, from facilities 
where animals are born to homes 
where they are consumed. The ongo- 
ing H5N1 avian influenza outbreak 
has left 58 million animals dead in 
backyard chicken coops and indus- 
trial farms. It has infected animals 
in one of the dozens of live poultry 
markets in New York City (elsewhere called “wet mar- 
kets”). Of the many agencies that govern food animal 
production, the US Department of Agriculture is the 
most important, but even it has no authority to regulate 
on-farm animal production. 

Since 2011, the US has recorded more swine-origin in- 
fluenza infections than any other country. Most occurred 
at state and county fairs, where an estimated 18% of 
swine have tested positive. These fairs attract 150 million 
visitors each year. In 2012, H3N2v influenza jumped from 
pigs to humans at livestock exhibitions and infected 306 
people across 10 states, with suspected human-to-human 
transmission. Still, animal fairs remain largely unregu- 
lated and exempt from federal oversight. 

Zoonotic risks also arise from interactions with free 
and captive wildlife. Each year, the US consumes an 
estimated 1 billion pounds of “game” (elsewhere called 


“The US is still 
very far from... 
recognizing its 


responsibility in 
generating these 
global risks.” 


“pushmeat”). Yet, most hunter-harvested meat is not in- 
spected, and no sanitary measures are required. Avian 
influenza has spread from wild birds to hunters and 
also appeared in captive game farms, where 40 million 
birds are raised annually. Three million mink live on 
US fur farms in long rows of wire cages where their 
waste falls onto the floor or onto other animals below. 
Though mink are slaughtered on-site, no federal laws 
govern them, and few states even require licenses. In 
some states, regulators were unaware that fur farms ex- 
isted within their borders until animals in them began 
contracting COVID-19. In Michigan, mink generated a 
new strain of the virus, transmitting it to workers; in 
Utah, health department officials were denied access to 
an infected farm, unable to carry out 
containment efforts or even testing. 
The US is the largest importer of 
wildlife in the world. More than 200 
million live wild animals enter the 
US each year, most undergoing no 
health and safety checks when they 
arrive. Live animal imports are gov- 
erned by a range of agencies, many 
with ill-defined jurisdictions. The 
US Fish and Wildlife Service, which 
oversees most of these imports, has 
stated that it does not have indepen- 
dent authority to detain shipments 
of sick animals. Mpox arrived in 
the US in 2003 in one of these ship- 
ments, destined for the pet trade. 
These examples illustrate a regulatory system in 
urgent need of reconstruction. What is needed is not 
simply for agencies to do their jobs better or to paper 
over the gaps, but a fundamental restructuring of the 
way that human-animal interfaces are governed. A One 
Health approach, which NBS-22 claims as its guiding 
principle, would take the health of other living things 
not merely as the occasional means or obstacles to hu- 
man health, but as continuous with it. The first step 
in implementing such an approach would be to create 
a high-level process for integrating the broken mosaic 
of multiple agencies, with their unclear and sometimes 
competing mandates, into an effective, comprehensive 
regime. The US is still very far from taking such decisive 
action, or even recognizing its responsibility in generat- 
ing these global risks. 
-Ann Linder and Dale Jamieson 
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ASTRONOMY 


Chile radio telescope array gains keener vision 


LMA, one of the world’s biggest radio telescope 
arrays, is getting hardware and software up- 
grades to allow it to collect much more data and 
produce sharper images. Announced last week, 
the latest modernizations to ALMA— officially the 
Atacama Large Millimeter/submillimeter Array, 
which sits high in the Chilean Andes—will cost $37 mil- 
lion and take 6 years to complete. Workers will upgrade 
the data transmission from the dishes to a central pro- 
cessor. They will also replace the heart of that processor, 


known as the correlator, a supercomputer that combines 
the input from individual dishes into composite im- 
ages. The new correlator’s speed will effectively create 
1000 more hours of observing time every year. And in 
an additional, previously funded upgrade project now 
underway, ALMA is getting new detectors sensitive 
to radio waves from 1.1 millimeters to 1.4 millimeters 
wavelength on each of its 66 dishes, allowing it to gain 
a clearer view of objects from the Solar System and the 
far reaches of the universe. 


Japan’s science council under fire 


POLIcy | Science groups in Japan are lin- 
ing up against a potential government move 
to remake the Science Council of Japan 
(SCJ), the country’s science academy, argu- 
ing the changes would weaken the council’s 
independence. More than five dozen 
academic societies, as well as SCJ itself, 
have raised concerns that the government 
will soon ask the Diet to approve legislation 
giving government officials greater control 
over who serves on SCJ’s governing board, 
selections traditionally made by council 
members. In 2020, however, then-Prime 
Minister Yoshihide Suga sparked contro- 
versy by blocking the appointment of six 

of 105 nominees, and late last year the cur- 
rent government suggested that a vaguely 
defined outside panel help select nominees. 
SCJ has asked the government to reconsider 
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that idea, saying it would put the council 
“under political and administrative control 
or pressure.” Observers say the government 
has objected to several of SCJ’s reports, 
including one urging universities to be cau- 
tious in accepting funding for research on 
dual-use, civilian-military technology. 


Protecting LGBTQ+ researchers 


WORKPLACE | Research mentors and 
institutions should take precautions to 
safeguard LGBTQ+ ecologists from discrimi- 
nation, sexual harassment, and violence 
when they do fieldwork in isolated areas, 

a working group says in a recent paper. 
The analysis, published last month in 

the Journal of Applied Ecology, describes 
LGBTQ+ researchers’ heightened risks and 
offers recommendations to minimize them. 
One is to develop field safety plans that, for 


example, outline inclusive housing and bath- 
room arrangements. Another is providing 
scientists with radios to help them stay in 
contact with one another in case a danger- 
ous situation arises. In addition, research 
leaders should be aware whether research- 
ers on a fieldwork team are out of the closet 
so that information can be protected as 
needed, especially in places where disclosure 
may be risky. A Science interview with the 
study’s authors is available at https://scim. 
ag/LGBTQfieldwork. 


Darwin’s letters go online 


HISTORY OF SCIENCE | For 50 years, the 
Darwin Correspondence Project gathered, 
curated, and digitized more than 15,000 
letters between the father of evolutionary 
biology and about 2000 correspondents. 
The project officially ended last month, 
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The Atacama Large 
Millimeter/submillimeter 
Array radio telescope sits 
ona plateau 5000 meters 
above sea level. 


and last week the 30th and final volume 
of The Correspondence of Charles Darwin 
rolled off the presses. The fruits of the 
project’s labor will live online, freely 
accessible through the Cambridge Digital 
Library. In addition to providing a peek 
into Darwin’s personal life, the letters 
illuminate the vast network of people who 
shaped, expanded, and critiqued the 19th 
century zoologist’s ideas. Gathering all the 
letters from dozens of repositories—and 
deciphering their handwriting—was a 
huge task, says James Secord, a science 
historian emeritus at the University of 
Cambridge who directed the effort since 
2006. He says the mixture of serious 
scientific discussions and personal details, 
some quirky, made him and his team “feel 
like you’ve been living with someone most 
of your working life.” An exhibit showcas- 
ing the project begins on 4 May at the 
New York Public Library. 


U.S. fraud unit gets new chief 


LEADERSHIP | The USS. Office of Research 
Integrity (ORI), which handles scientific 
fraud involving federally funded biomedical 
research, will soon have its first permanent 
leader in nearly 2 years. Sheila Garrity, an 
attorney with master’s degrees in public 
health and business, will take the helm in 
late March. Garrity has 18 years of experience 
leading research integrity efforts at Johns 
Hopkins University and George Washington 
University. ORI oversees investigations of 
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fabrication, falsification, and plagiarism and 
recommends sanctions, such as temporary 
funding bans for offenders. The office has 
often gone long stretches without a perma- 
nent director; its last one, Elisabeth Handley, 
served less than 2 years before assuming 
another federal position in June 2021. ORI 
recently began to review the Department 

of Health and Human Services’s 18-year-old 
scientific misconduct regulations and ORI’s 
review process, which some observers think 
is slow and inefficient. 


Academies seek antiracist action 


DIVERSITY | To advance diversity and 
inclusion within the scientific community, 
leaders must dismantle the power struc- 
tures that lead to racial inequities, a U.S. 
national science academies panel said this 
week. Its report points to “institutional 
cultures that, intentionally or otherwise, 
create exclusionary and discriminatory 
environments” and issues 12 recommenda- 
tions. One urges decision-makers to look 
for patterns of bias in data on graduate 
admissions, hiring, promotion, and awards. 
Other recommendations include conduct- 
ing regular culture audits and drawing 
lessons from minority-serving institutions 
about “providing intentional and cultur- 
ally responsive ... support.” The report, 
Advancing Antiracism, Diversity, Equity, 
and Inclusion in STEMM Organizations, 
was issued by the National Academies of 
Sciences, Engineering, and Medicine. 


Centipede uses heat to ‘see’ 


PHYSIOLOGY | Chinese red-headed centi- 
pedes, which are sightless, use an unusual 
thermal sensor to detect sunlight, a study 


The sensitive antennae of the Chinese red-headed 
centipede contain a heat sensor that reacts to light. 


LS 


44 Look, there’s America. 99 


Chinese aeronautical scientist Wu Zhe, 
in a state-media video about a high-altitude 
airship he said his team launched in 2019. 

In the video, described in The New York Times, 
he points to a red line on a computer screen tracing 
the airship's path near the U.S. southern border. 
Wu has helped lead China's efforts to create 
balloons for civilian and military monitoring. 
The 2019 flight was not widely disclosed until the 
United States shot down a Chinese balloon off 
the South Carolina coast on 4 February. 


has found. The adaptation allows the ven- 
omous arthropod, Scolopendra subspinipes 
mutilans, to shelter in dark spots beneath 
forest leaves, lurking for prey and avoiding 
predators. The species is among the first 
arthropods identified as having this ability, 
although researchers have separately discov- 
ered it in some sightless species of fish and 
shrimp. A research team confirmed the trait 
in the centipedes, which lack light-sensing 
proteins, by covering their antennae in foil. 
This reduced their ability to move from 
bright to dark experimental chambers. The 
researchers also found the thermal recep- 
tor protein BRTNaC1 in their antennae, 
which the team concluded helps the animal 
detect the warmth of sunlight, they report 
this week in the Proceedings of the National 
Academy of Sciences. 


Journal rejects retraction 


MISCONDUCT | The Proceedings of the 
Royal Society B: Biological Sciences will 

not retract a 2016 paper on anemone fish 
behavior even though a lengthy university 
investigation found its data were fabricated. 
The paper, authored by marine ecologists 
Danielle Dixson of the University of 
Delaware (UD) and Anna Scott of Southern 
Cross University in Australia, is one of three 
studies that UD last year asked journal 
editors to retract after an independent 
investigation. Science retracted a paper in 
August 2022 as a result. But Proceedings B 
said in a 1 February editor’s note that its own 
investigation did not turn up enough evi- 
dence of fraud, in part because a correction 
by the authors solved a major discrepancy 
in the study’s timeline. Fish physiologist 
Timothy Clark of Deakin University, one of 
the whistleblowers in the case, calls the jour- 
nal’s decision “infuriating.” Dixson and Scott 
did not respond to requests for comment. 
UD’s website still lists Dixson as a faculty 
member; a UD spokesperson did not answer 
Science’s questions about the case. 
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Twitter’s threat to curtail free 
data access angers scientists 


Social media giant wants to monetize its global data set 


By Kai Kupferschmidt 


hen Twitter announced on 2 Feb- 
ruary that the social media plat- 
form would end free access to 
its application programming in- 
terface (API) 7 days later, a clock 
began ticking for Jean-Philippe 
Cointet. Like other researchers interested in 
topics such as political polarization or how 
misinformation spreads, the social scientist 
at Sciences Po in Paris uses the API to freely 
gather data on the hundreds of millions of 
tweets sent daily. If Twitter tries to charge 
a significant price for such information, 
some of his projects will not be possible. 
“When we got the news, we started to rush 
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on a few data collection projects,” he says. 
Twitter has since extended its deadline 
twice and had not revealed its new policy as 
Science went to press, but Cointet and other 
researchers remain anxious. “A lot of people 
are worried about what this means for their 
research on political campaigning, disin- 
formation and other topics,” says Michael 
Zimmer, a social media researcher from 
Marquette University. Meanwhile hundreds 
of scientists and organizations have signed 
an open letter calling on Twitter to “ensure 
that APIs for studying public content on the 
platform remain easily accessible for jour- 
nalists, academics, and civil society.” 
Twitter currently gives researchers much 
more access than other online platforms 


such as Facebook or YouTube, notes Casey 
Fiesler, an information researcher at the 
University of Colorado, Boulder. It has be- 
come the equivalent of a model organism 
in the world of those who study social me- 
dia. “Twitter has been a hugely important 
source of data for researchers on basically 
any topic you can think of—from public 
health to political science to digital humani- 
ties to misinformation,” Fiesler says. 

Researchers came to rely too heavily on 
the platform, according to Deen Freelon, 
a political communications researcher at 
the University of North Carolina, Chapel 
Hill. “I think this [API policy change] is re- 
ally going to force people to look at other 
platforms that have been understudied,” 
he says, pointing to Reddit as an example. 
“Reddit has more users than Twitter, the 
data are actually equally easy to access if 
not easier, but people haven’t been paying 
as much attention to it.” 

Many researchers don’t believe Twit- 
ter’s new owner, billionaire Elon Musk, is 
targeting them. “Based on conversations 
I’ve had with a number of folks who have 
access to information inside the com- 
pany, I think that Musk wasn’t consider- 
ing academics whatsoever,’ says Rebekah 
Tromble, a computational social scientist at 
George Washington University. Companies 
and other nonacademic accounts use data 
they can freely access through Twitter’s API 
for their own products. Musk is seeking new 
revenue sources for the company and likely 
wants to make money off those users. “It’s 
an ill-considered decision to try to monetize 
the free API,” Tromble says. 

Musk is mercurial, having already floated 
several new Twitter policies and then back- 
tracked or revised them after outcries. Ini- 
tially, the company simply announced it 
would no longer support free data access. 
“A paid basic tier will be available instead,” 
it said. In its first deadline extension tweet, 
Twitter then said it would offer a “low level 
of API usage” for $100 a month, but the de- 
tails and what kind of access researchers 
would have remain unclear. 

Stephan Lewandowsky, a psychologist at 
Bristol University who mines Twitter data to 
study what type of misinformation people 
share, says a lot will depend on how much 
money Twitter asks for. “If researchers can 
buy access for a flat fee, e.g. $100/month, 
then many (but not all!) researchers may be 
able to absorb that,’ Lewandowsky says. “If 
it’s based on volume [of data mined] and if 
it ends up being loads more than [$100], 
then it will disable some important re- 
search because many people couldn’t afford 
charges of multiple thousands of dollars.” 

By charging for its data, Twitter will 
advantage established researchers and 


science.org SCIENCE 


ILLUSTRATION: DAVIDE BONAZZI/SALZMANART 


NEWS 


wealthy institutions, Freelon says. “Who’s 
going to lose out are going to be grad stu- 
dents, people without institutional affilia- 
tions, people whose institutions are lower 
wealth.” Even if researchers ultimately 
retain access to Twitter’s data, the uncer- 
tainty caused by the API announcement 
highlights larger issues, they say. Because 
social media influences society as a whole, 
social media companies should not be able 
to control research on the impact of their 
products, argues Philipp Lorenz-Spreen 
of the Max Planck Institute for Human 
Development, who studies social media 
networks. “We do not depend on the oil 
industry to be able to measure CO,, but we 
are dependent on Facebook to measure po- 
larization on Facebook,” he says. “That is a 
bad situation.” 

In Europe, the Digital Services Act, whose 
rules will apply from early 2024 on, seeks 
to address this issue. One provision allows 
national authorities to compel access to so- 
cial media companies’ data for researchers 
studying “systemic risks.” But there is still 
a lot of uncertainty about how this will be 
handled, how onerous applications for such 
research will be, and how fast companies 
will have to respond to the mandate. 

The irony is that as Twitter curbs data ac- 
cess, other companies are actually expand- 
ing theirs, says Tromble, partly spurred by 
EU regulations. “YouTube has expanded its 
API, TikTok is developing new APIs,” she 
says. “Twitter was the industry leader and 
now they are actually falling behind.” 

For now, scientists such as Cointet are 
rushing to finish projects as they await de- 
tails from Twitter. In an ongoing project, he 
and colleagues aim to understand how po- 
litical debates are structured on Twitter, in 
part by analyzing how likely people follow- 
ing one politician are to also follow others. 

In France, they found a surprise. Instead 
of a simple left-right spectrum, the pat- 
tern that most accurately predicted whom 
people followed was an axis from “global 
to local,” Cointet says: “Basically, people 
who are against Europe versus for Europe, 
people who are denouncing elites versus 
people who are not, people who distrust 
institutions versus people who don’t.” The 
Sciences Po team has been striving to repro- 
duce this work for 10 other countries but 
may not be able to gather all the data before 
their access is cut off, Cointet says. “It’s too 
bad we need to do that in such a rush.” 

In the end, the debate highlights once 
more how much control Musk can exert 
over public goods, Lewandowsky says. “At 
an abstract overarching level, this reveals 
the fundamental problem of whether demo- 
cratic societies can allow eccentric billion- 
aires to control public spaces.” 
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Laser fusion success sparks hope 
of new route to fusion power 


Startups lay plans for power plants that would trigger tiny, 


rapid-fire fusion blasts 


By Daniel Clery 


ast year, when the National Ignition 

Facility (NIF) fired its 192 laser beams 

at a gold cylinder enclosing a tiny 

sphere of hydrogen isotopes, it did 

more than spark a historic fusion re- 

action. The shot—the first to produce 
more energy than the lasers delivered—also 
triggered a burst of optimism among some 
fusion scientists that the same general ap- 
proach could one day lead to a commercial 
power plant. 

If so, the shape of fusion power could be 
very different from the giant magnetic fur- 
naces known as tokamaks that are the focus 
of most current hopes, including the inter- 
national megaproject called ITER. Fusion 
power based on the NIF ap- 
proach, known as inertial con- 
finement fusion (ICF), would 
instead resemble the rapid- 
fire explosions of an internal 
combustion engine. The tech- 
nical challenges remain huge. 
NIF’s shot was a one-off, but 
an ICF-based power plant 
may need to fire up to 10 laser 
shots per second, consuming 
almost 1 million targets a day, and produce 
far more energy per shot than NIF did. 

The optimists at a handful of ICF start- 
ups are undaunted. Ed Moses, a former NIF 
director, has founded a company, Longview 
Fusion, that hopes to start building a test 
plant in 5 years with twice as many laser 
beams as NIF. It would shoot 10 targets per 
second—sheathed in lead instead of gold to 
lower costs—into a reaction chamber and 
blast them to produce a string of quick-fire 
fusion explosions. “It’s not hard,’ Moses 
says. “The technology is all available, it just 
has to be integrated.” 

The companies pursuing ICF are small, 
with typically a few tens of millions of dollars 
each in backing. But they hope NIF’s break- 
through will bring more investors to their 
doors. “There’s general excitement from every- 
one you talk to, it’s just fantastic,’ says Debra 
Callahan, who worked at NIF for 20 years 
before joining the startup Focused Energy, 
based in the United States and Germany. 


“The technology 
is all available, 
it just has 


to he integrated.” 


Ed Moses, 
Longview Fusion 


Others are far more cautious. “We don’t 
know how to build a power plant,’ says 
Tammy Ma, who heads the inertial fusion 
energy effort at Lawrence Livermore Na- 
tional Laboratory, the home of NIF. Late 
last month, Livermore published a report 
outlining a long program of research that 
the Department of Energy (DOE) should do 
to develop power plants based on ICF. 

Although the December 2022 shot at NIF 
produced a record-breaking 3.15 megajoules 
of energy from a 2.05 megajoule laser pulse, 
a gain of about 1.5, generating that pulse 
consumed hundreds of megajoules of elec- 
tricity, and NIF can only do one shot per 
day (Science, 16 December 2022, p. 1154). 
Most fusion experts still give better odds 
to tokamaks, doughnut-shaped devices that 
use powerful magnetic fields 
to trap an ionized gas of the 
hydrogen isotopes deuterium 
and tritium and heat it to 
100 million degrees Celsius so 
the nuclei crash together with 
enough kinetic energy to fuse. 
But one big advantage ICF fa- 
cilities have over tokamaks is 
that their different elements— 
lasers, reaction chambers, 
targets—can be developed and tested sepa- 
rately before they need to be combined. 
Building a tokamak is all or nothing and ex- 
tremely difficult to change once completed. 

For DOE’s researchers, more ICF studies 
with NIF and Omega, another laser fusion 
facility at the University of Rochester, are 
first on the agenda. “We need to understand 
the fundamental physics,” Ma says, and, 
most important, increase gain. Meanwhile, 
DOE scientists will assess which lasers or 
alternatives, such as ion beams, are worth 
pursuing and hone target designs as well. 

Ultimately, Ma says, a new facility will 
be needed—perhaps lower power than NIF 
but with a higher repetition rate—so the 
field can “learn faster.’ NIF’s lasers rely on 
neodymium-doped phosphate glass, which 
is pumped up with energy by slow and 
energy-hungry xenon flash lamps. Since 
NIF was designed in the 1990s, other kinds 
of lasers have been developed, such as ones 
using krypton-fluoride or argon-fluoride 
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wealthy institutions, Freelon says. “Who’s 
going to lose out are going to be grad stu- 
dents, people without institutional affilia- 
tions, people whose institutions are lower 
wealth.” Even if researchers ultimately 
retain access to Twitter’s data, the uncer- 
tainty caused by the API announcement 
highlights larger issues, they say. Because 
social media influences society as a whole, 
social media companies should not be able 
to control research on the impact of their 
products, argues Philipp Lorenz-Spreen 
of the Max Planck Institute for Human 
Development, who studies social media 
networks. “We do not depend on the oil 
industry to be able to measure CO,, but we 
are dependent on Facebook to measure po- 
larization on Facebook,” he says. “That is a 
bad situation.” 

In Europe, the Digital Services Act, whose 
rules will apply from early 2024 on, seeks 
to address this issue. One provision allows 
national authorities to compel access to so- 
cial media companies’ data for researchers 
studying “systemic risks.” But there is still 
a lot of uncertainty about how this will be 
handled, how onerous applications for such 
research will be, and how fast companies 
will have to respond to the mandate. 

The irony is that as Twitter curbs data ac- 
cess, other companies are actually expand- 
ing theirs, says Tromble, partly spurred by 
EU regulations. “YouTube has expanded its 
API, TikTok is developing new APIs,” she 
says. “Twitter was the industry leader and 
now they are actually falling behind.” 

For now, scientists such as Cointet are 
rushing to finish projects as they await de- 
tails from Twitter. In an ongoing project, he 
and colleagues aim to understand how po- 
litical debates are structured on Twitter, in 
part by analyzing how likely people follow- 
ing one politician are to also follow others. 

In France, they found a surprise. Instead 
of a simple left-right spectrum, the pat- 
tern that most accurately predicted whom 
people followed was an axis from “global 
to local,” Cointet says: “Basically, people 
who are against Europe versus for Europe, 
people who are denouncing elites versus 
people who are not, people who distrust 
institutions versus people who don’t.” The 
Sciences Po team has been striving to repro- 
duce this work for 10 other countries but 
may not be able to gather all the data before 
their access is cut off, Cointet says. “It’s too 
bad we need to do that in such a rush.” 

In the end, the debate highlights once 
more how much control Musk can exert 
over public goods, Lewandowsky says. “At 
an abstract overarching level, this reveals 
the fundamental problem of whether demo- 
cratic societies can allow eccentric billion- 
aires to control public spaces.” 
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Laser fusion success sparks hope 
of new route to fusion power 


Startups lay plans for power plants that would trigger tiny, 


rapid-fire fusion blasts 


By Daniel Clery 


ast year, when the National Ignition 

Facility (NIF) fired its 192 laser beams 

at a gold cylinder enclosing a tiny 

sphere of hydrogen isotopes, it did 

more than spark a historic fusion re- 

action. The shot—the first to produce 
more energy than the lasers delivered—also 
triggered a burst of optimism among some 
fusion scientists that the same general ap- 
proach could one day lead to a commercial 
power plant. 

If so, the shape of fusion power could be 
very different from the giant magnetic fur- 
naces known as tokamaks that are the focus 
of most current hopes, including the inter- 
national megaproject called ITER. Fusion 
power based on the NIF ap- 
proach, known as inertial con- 
finement fusion (ICF), would 
instead resemble the rapid- 
fire explosions of an internal 
combustion engine. The tech- 
nical challenges remain huge. 
NIF’s shot was a one-off, but 
an ICF-based power plant 
may need to fire up to 10 laser 
shots per second, consuming 
almost 1 million targets a day, and produce 
far more energy per shot than NIF did. 

The optimists at a handful of ICF start- 
ups are undaunted. Ed Moses, a former NIF 
director, has founded a company, Longview 
Fusion, that hopes to start building a test 
plant in 5 years with twice as many laser 
beams as NIF. It would shoot 10 targets per 
second—sheathed in lead instead of gold to 
lower costs—into a reaction chamber and 
blast them to produce a string of quick-fire 
fusion explosions. “It’s not hard,’ Moses 
says. “The technology is all available, it just 
has to be integrated.” 

The companies pursuing ICF are small, 
with typically a few tens of millions of dollars 
each in backing. But they hope NIF’s break- 
through will bring more investors to their 
doors. “There’s general excitement from every- 
one you talk to, it’s just fantastic,’ says Debra 
Callahan, who worked at NIF for 20 years 
before joining the startup Focused Energy, 
based in the United States and Germany. 


“The technology 
is all available, 
it just has 


to he integrated.” 


Ed Moses, 
Longview Fusion 


Others are far more cautious. “We don’t 
know how to build a power plant,’ says 
Tammy Ma, who heads the inertial fusion 
energy effort at Lawrence Livermore Na- 
tional Laboratory, the home of NIF. Late 
last month, Livermore published a report 
outlining a long program of research that 
the Department of Energy (DOE) should do 
to develop power plants based on ICF. 

Although the December 2022 shot at NIF 
produced a record-breaking 3.15 megajoules 
of energy from a 2.05 megajoule laser pulse, 
a gain of about 1.5, generating that pulse 
consumed hundreds of megajoules of elec- 
tricity, and NIF can only do one shot per 
day (Science, 16 December 2022, p. 1154). 
Most fusion experts still give better odds 
to tokamaks, doughnut-shaped devices that 
use powerful magnetic fields 
to trap an ionized gas of the 
hydrogen isotopes deuterium 
and tritium and heat it to 
100 million degrees Celsius so 
the nuclei crash together with 
enough kinetic energy to fuse. 
But one big advantage ICF fa- 
cilities have over tokamaks is 
that their different elements— 
lasers, reaction chambers, 
targets—can be developed and tested sepa- 
rately before they need to be combined. 
Building a tokamak is all or nothing and ex- 
tremely difficult to change once completed. 

For DOE’s researchers, more ICF studies 
with NIF and Omega, another laser fusion 
facility at the University of Rochester, are 
first on the agenda. “We need to understand 
the fundamental physics,” Ma says, and, 
most important, increase gain. Meanwhile, 
DOE scientists will assess which lasers or 
alternatives, such as ion beams, are worth 
pursuing and hone target designs as well. 

Ultimately, Ma says, a new facility will 
be needed—perhaps lower power than NIF 
but with a higher repetition rate—so the 
field can “learn faster.’ NIF’s lasers rely on 
neodymium-doped phosphate glass, which 
is pumped up with energy by slow and 
energy-hungry xenon flash lamps. Since 
NIF was designed in the 1990s, other kinds 
of lasers have been developed, such as ones 
using krypton-fluoride or argon-fluoride 
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First Light Energy’s reaction chamber is surrounded by power storage banks ready to supply a 14-million-amp current to hurl a projectile toward a fuel target. 


gases, that are more efficient and can fire 
more frequently, but none are yet ready for 
prime time. 

Scientists will also have to figure out 
the best design for the fuel targets. Liver- 
more has always favored enclosing the 
peppercorn-size hydrogen-filled capsules 
inside metal cylinders, which convert la- 
ser light into x-rays that then implode the 
fuel. In contrast, the Rochester laser lab 
has pioneered “direct drive”: firing the laser 
straight onto the capsule. This approach is 
more efficient, but it requires more perfect 
laser beams to get the fuel capsules to im- 
plode symmetrically. 

Longview is playing it safe by sticking 
close to NIF’s indirect-drive approach— 
“the only proven fusion process on Earth,” 
Moses says. Like NIF, the company’s 
scheme would use glass lasers, but a more 
efficient design that can fire at a higher 
rate. The system will be “hyper-modular,” 
Moses says, with each laser beam gener- 
ated by a 10-meter-long box that can be 
replaced for upgrading or repair. With 
twice as many beams as NIF, its laser pulse 
would have 50% more energy, allowing for 
higher gain. 

Focused Energy is pursuing another 
variant of ICF, known as fast ignition, 
which uses two separate lasers to perform 
the functions of NIF’s single laser pulse: 
compressing the fuel and igniting the fu- 
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sion burn. NIF’s fuel pellet must implode 
symmetrically to create a central spot hot 
enough to spontaneously ignite. Removing 
the need for a hot spot means the implod- 
ing drive can be gentler and requires “less 
stringent symmetry,’ says Focused Energy’s 
Pravesh Patel, another NIF veteran. Fast ig- 
nition instead uses a second laser to kindle 
the burn once the fuel reaches maximum 
density. The second laser pulse, blasting in 
from one side, will hit a curved metal foil, 
generating a beam of protons that provides 
the spark. 

Patel says the team wants to build 
a demonstrator in 8 to 9 years with a 
100-beam compression laser producing 
500 kilojoule pulses, one-quarter the en- 
ergy of NIF’s. For the short ignition pulses, 
they plan to use lasers developed for Eu- 
rope’s Extreme Light Infrastructure, a re- 
search facility. Each produces pulses of 
1.5 kilojoules so Focused Energy will need 
100 of them, combining their output into a 
single beam to set the fuel alight. 

First Light Fusion is taking an even more 
radical approach: dispensing with lasers 
entirely and relying on a high-speed pro- 
jectile to implode the fuel. Founder Nick 
Hawker was inspired by his Ph.D. on the 
physics of the pistol shrimp, which snaps 
its oversized claw to emit shock waves ca- 
pable of incapacitating fish bigger than 
itself. The company, based in the United 


Kingdom near Oxford, is firing projec- 
tiles from an electromagnetic gun at up to 
20 kilometers per second to smash a small 
metal cube with a fuel capsule embedded 
inside. The cube has a complex internal 
structure of different metals that speeds 
and channels the resulting shock wave, 
wrapping it around the central capsule to 
compress the fuel. 

“It’s a geometry optimization problem,’ 
Hawker says, noting the targets don’t re- 
quire any unusual or expensive materials. 
With modeling and experiment, the team 
is working to get the best spherical com- 
pression from its unidirectional driver. 
The company announced last month it will 
start building a new machine next year. The 
goal is to demonstrate energy gain by ham- 
mering targets with projectiles traveling at 
60 kilometers per second. 

Steven Cowley, director of Princeton 
Plasma Physics Laboratory, DOE’s premier 
fusion lab, calls NIF’s record-breaking shot 
a “spectacular result,” but is skeptical that 
ICF can quickly be reinvented as an energy 
source. To produce true excess energy, NIF 
would need to achieve a gain of about 100, 
which would produce an “unbelievably de- 
structive bang.” An ICF power facility would 
have to withstand that, 10 times a second, 
and clear away the debris between each fu- 
sion explosion. “There’s an awful lot of work 
to be done,” Cowley says. & 
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PUBLIC HEALTH 


Japan moves to bolster its vaccine R&D sector 


Major funding effort aims to address weaknesses exposed by COVID-19 pandemic 


By Dennis Normile 


hree years after the COVID-19 pan- 

demic began, many countries—in- 

cluding the United States, Germany, 

India, Cuba—have deployed their 

own vaccines. But Japan’s are still 

not ready, a lag that is ringing alarms 
about the feeble state of the country’s vac- 
cine research and development capabilities. 
Now Japan is ramping up a 1.1 trillion yen 
($8.5 billion) initiative to enable it to react 
faster to the next crisis, by having 
the capability to develop a vaccine 
for a new virus in 100 days. 

That “very ambitious” push “is 
definitely a welcome development,” 
says Diane Griffin, a virologist at 
Johns Hopkins Bloomberg School 
of Public Health. The funding, 
first outlined by the government 
in 2021, is now starting to flow to 
research, clinical trials, and an ex- 
pansion of industry’s capacity to 
manufacture vaccines, especially 
for neglected diseases. 

But some say the initiative doesn’t 
address deeper problems, including 
a dearth of stable research jobs in 
all areas but particularly in infec- 
tious diseases and vaccines, which 
has deterred young scientists from 
entering key research fields. And 
it’s not clear whether the government is com- 
mitted to sustaining funding after the first 
tranche expires in March 2027. 

The decline of Japan’s vaccine sector was 
decades in the making. “For the last 15 or 
20 years, funding for infectious disease re- 
search has been getting lower and lower,’ 
says Yoshihiro Kawaoka, a virologist at the 
University of Tokyo and University of Wis- 
consin, Madison. Before the pandemic, 
the amount Japan’s government spent in 
the field amounted to less than 2% of that 
spent by the United States, and also trailed 
the United Kingdom, Germany, and China, 
according to a 2021 report by Deloitte 
Tohmatsu Consulting. The country ended 
up without a critical mass of infectious dis- 
ease experts, and too few young scientists in 
the field, Kawaoka says. 

Vaccine research suffered. In the late 
2010s, Ken Ishii, a vaccinologist at Japan’s 
National Institute of Biomedical Innova- 
tion in Osaka, adopted the then-emerging 
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messenger RNA (mRNA) technology to cre- 
ate a vaccine for Middle East respiratory 
syndrome (MERS), the deadly, camel-borne 
coronavirus disease. But the government 
and industry declined to fund human safety 
trials. “So the project was frozen,’ says Ishii, 
now at the University of Tokyo. The decision 
may have made commercial sense given that 
MERS affected few people, Ishii says. But it 
also meant no one in Japan was working on 
the mRNA vaccine technology that proved 
crucial in fighting SARS-CoV-2. 


A pachinko parlor patron in Japan receives the Moderna coronavirus vaccine 
in 2021. The country could soon approve homegrown COVID-19 vaccines. 


The COVID-19 pandemic only made the 
weaknesses more obvious. Just two scientists 
in Japan, for example, appeared on a 2021 list 
of the 300 most cited authors of COVID-19 
research. By contrast, Italy and Hong Kong, 
with much smaller research establishments, 
had 18 and 14 authors, respectively, on that 
tally, which appeared in a study of COVID-19 
papers by a team led by Stanford University 
statistician John Ioannidis that was pub- 
lished in Royal Society Open Science. 

The pandemic also highlighted weak- 
nesses in Japan’s vaccine industry. Early on, 
amid fears that the United States and other 
nations would hoard vaccines for their own 
populations, Japanese officials worried “that 
we couldn’t save people we are responsible 
for,’ says Michinari Hamaguchi, director 
general of the new Strategic Center of Bio- 
medical Advanced Vaccine Research and De- 
velopment for Preparedness and Response 
(SCARDA). Japan ultimately managed to 
buy the vaccines it needed. But only now are 


two Japanese companies seeking approval to 
sell the country’s first homegrown COVID-19 
vaccines. Hamaguchi says the scare 
prompted officials to push for the “reconsti- 
tution” of domestic vaccine capabilities. 

After the government approved the ini- 
tiative in June 2021, agencies began rolling 
out detailed spending plans. SCARDA was 
set up in March 2022 and funds started 
flowing to researchers last fall. The agency, 
which is still reviewing grant applications, 
will provide $1.1 billion to investigators 
for work on vaccines for corona- 
viruses, influenza, Zika, dengue, 
Nipah, and _ smallpox, among 
others. “It is the first time Ja- 
pan has awarded grants to cover 
development of vaccines” for 
neglected diseases, says Chieko 
Kai, a University of Tokyo viro- 
logist who recently won a 2-year, 
$15 million SCARDA grant to de- 
velop a Nipah vaccine. 

An additional $400 million is 
going to new vaccine R&D centers 
at several universities. The flagship 
center, the University of Tokyo Pan- 
demic Preparedness, Infection, and 
Advanced Research Center, aims to 
be “competitive at the top level of 
infectious disease research,’ says 
Kawaoka, who heads the effort. 
Four centers at other universities 
will work on a range of projects, including 
coronavirus vaccines that can be sprayed 
into the throat or nostrils—an approach 
many researchers believe could provide bet- 
ter protection than today’s shots. 

Other agencies will provide $2.7 billion 
to vaccine-related startup firms, $1.7 billion 
for vaccine manufacturing, and $2 billion 
to support large clinical trials and purchase 
COVID-19 vaccines. 

Long-term funding for the initiative is un- 
certain, however, which could make it hard 
for labs to hire and retain talent. “It will 
take time and money to rebuild research 
teams, and they have to be maintained,” 
says Hiroaki Mitsuya, director general of 
the National Center for Global Health and 
Medicine Research Institute in Tokyo. 
Mitsuya worries that in 5 years the govern- 
ment could have different priorities. Restor- 
ing Japan’s vaccine infrastructure, Mitsuya 
says, must start “with more funding and po- 
sitions for entry-level researchers.” 
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United States tiptoes into solar 
seoengineering research 


Campaign seeks to understand reflective particles in the 
stratosphere, which planet-cooling schemes would enhance 


By Paul Voosen 


ny work on solar geoengineering— 

the notion of artificially making the 

atmosphere more reflective to cool 

an overheated planet—is fraught 

with controversy. Last year, for exam- 

ple, a tech entrepreneur claimed he 
launched two weather balloons from Baja 
California into the stratosphere, where they 
may have released a puff of sulfur dioxide 
that gave rise to a small patch of reflective 
sulfate particles. The stunt drew wide- 
spread condemnation. But for researchers, 
it prompted a question: If a rogue actor 
had conducted a larger release, would they 
be able to detect it—or know with any cer- 
tainty what it would do? 

The U.S. National Oceanic and Atmo- 
spheric Administration (NOAA) is venturing 
into the fray to answer these questions, with 
a bid to understand the types, amounts, and 
behavior of particles naturally present in 
the stratosphere. Unlike the Mexico caper, 
the balloons and high-altitude aircraft in 
the program aren’t releasing any particles 
or gases. But the large-scale field campaign 
is the first the U.S. government has ever 
conducted related to solar geoengineering. 
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It’s very basic research, says Karen Rosenlof, 
an atmospheric scientist at NOAA’s Chemi- 
cal Sciences Laboratory. “You have to know 
what’s there first before you can start mess- 
ing with that.” 

Research on solar geoengineering—also 
called solar radiation management—has 
long been anathema to some climate scien- 
tists and activists. They fear it could distract 
from emissions cuts, could have unforeseen 
risks, and would not address some impacts 
of rising carbon dioxide, including ocean 
acidification. Federal agencies have largely 
steered clear of the work, even after a report 
from the National Academies of Sciences, 
Engineering, and Medicine (NASEM) in 
2021 recommended a $200 million research 
program (Science, 2 April 2021, p. 19). 

But in an unusual move, Congress directly 
ordered NOAA to develop a program in a 2020 
spending bill. Support for the program, innoc- 
uously dubbed Earth’s Radiation Budget, has 
grown to nearly $10 million annually. Silver- 
Lining, an organization supportive of solar geo- 
engineering research, lobbied for it, and gained 
the support of key legislators, says Kelly Wan- 
ser, SilverLining’s executive director, who came 
to climate advocacy from a career in technol- 
ogy. She says she told the lawmakers that emis- 
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Instruments aboard a modified bomber will count and 
analyze natural particles at altitudes of 20 kilometers. 


sions cuts weren’t happening fast enough, and 
that solar geoengineering might—or might 
not—be needed to reduce impacts in the next 
40 years. “What do we need to know to evalu- 
ate those things in a very rigorous and honest- 
with-ourselves way?” Wanser asks. “I want to 
know.’ 

One focus of the NOAA program is sulfates, 
the reflective particles that would be lofted 
into the stratosphere in many solar geoengi- 
neering proposals. Volcanoes and industrial 
emissions are the main natural sources of 
sulfur dioxide, one precursor of sulfates; car- 
bonyl sulfide, a gas emitted by microbes in 
the oceans, is another. The updrafts in severe 
storms in the tropics are thought to pump the 
gases into the stratosphere, but massive for- 
est fires are emerging as another important 
mechanism for lifting them (Science, 19 No- 
vember 2021, p. 921). 

Because of a temperature inversion at the 
stratosphere’s base, sulfate particles linger 
there for years, which encourages geoengi- 
neering advocates. But researchers need a 
clearer picture of natural stratospheric parti- 
cles before they can contemplate supplement- 
ing them artificially, says Gregory Frost, the 
NOAA atmospheric chemist who oversees the 
program. 

In 2020, NOAA began regularly launching 
sensor-equipped weather balloons to gather 
baseline data on the size and concentration 
of the particles. The record should allow 
NOAA to detect shifts in particle distribu- 
tions, which could indicate a new source, 
such as an eruption—or a clandestine geoen- 
gineering intervention, Frost says. 

The measurements could also help cli- 
mate modelers represent stratospheric 
particles more realistically. “The only way 
to know if our models are doing the right 
thing is to have data to evaluate them,” says 
Simone Tilmes, a modeler at the National 
Center for Atmospheric Research (NCAR). 
At the moment, most models handle parti- 
cles in a coarse way, categorizing them into 
a few arbitrary size ranges. With NOAA 
funding, Tilmes’s team has now upgraded 
NCAR’s flagship climate model with 40 
possible bins for sulfate size, and so far it 
seems to more reliably capture events like 
the sulfur-rich eruption of Mount Pinatubo 
in 1991. 

Now, the project is launching its next phase, 
the largest stratospheric aircraft campaign in 
the past 2 decades, “if not ever,’ Frost says. 
One of NASA's WB-57 research jets—a heavily 
modified bomber from the 1960s—has been 
outfitted with 17 instruments, many of which 
have never flown to the stratosphere before. 
One can measure sulfur dioxide levels down 
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to 2 parts per trillion, and another can dis- 
tinguish different particles by their chemi- 
cal makeup. 

Next week, flights will begin out of 
Houston, Texas, to altitudes of up to 
20 kilometers, and later this month, the 
team plans to move to Fairbanks, Alaska, 
where they will fly until late March. At that 
time of the year, air that entered the strato- 
sphere a half-decade earlier in the tropics 
descends in the Arctic. “We're going to 
get into really old stratospheric air,’ says 
Troy Thornberry, the NOAA atmospheric 
chemist who leads the flights. By studying 
aging sulfate particles, the team hopes to 
witness the chemical reactions that break 
them apart and release sulfur at the end 
of their lifetimes. They want to study how 
such sulfur interacts with organic particles 
such as soot and the dust of meteorites. 
Rosenlof says they will also study how soot 
absorbs the Sun’s heat, causing air parcels 
to rise and prolonging particle lifetimes in 
the stratosphere. 

Additional flights are planned for Costa 
Rica in 2024 and the Southern Hemisphere 
in 2025. But in the meantime, the team is 
open to missions of opportunity. If a mas- 
sive volcanic eruption occurs, they’ve as- 
sembled the perfect payload to explore its 
impact, Frost says. “That would be an event 
we'd want to study if at all possible.” The 
same goes for any wildfires similar in scale 
to those in Australia in 2020. 

Some researchers want the U.S. govern- 
ment to put together a bigger solar geo- 
engineering research program. Although 
the NOAA program is well designed, it’s a 
small piece of the puzzle, says Chris Field, 
a climate scientist at Stanford University 
and chair of the NASEM report. “It’s really 
important to find a way to ask bold ques- 
tions about where something unexpected 
could go wrong.” In March 2022, Congress 
ordered the White House’s Office of Science 
and Technology Policy to develop such a 
plan, but it still has not been released. “Fed- 
erally funded research is a very good idea— 
and the only way this work ideally should 
be funded,” says Sikina Jinnah, who studies 
geoengineering governance at the Univer- 
sity of California, Santa Cruz. 

Although some climate scientists dis- 
agree that such research should go forward 
or have even called for a ban on it, shutting 
it down would be a mistake, says James 
Hurrell, a climate scientist at Colorado 
State University who previously led NCAR. 
“If we could help avoid the worst impacts 
[of climate change] and buy more time for 
the world to reduce concentrations, don’t 
we want to know that?” And if it’s a bad 
idea, he adds, “the best way to prove that 
is through research.” 
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U.S. measurement institute's 
labs said to need major upgrade 


National academies report finds that disrepair at 
NIST facilities threatens U.S. economic growth 


By Robert F. Service 


he U.S. government needs to spend 
$6.6 billion over the next 12 years 
to repair and upgrade research fa- 
cilities at the National Institute of 
Standards and Technology (NIST), 
according to a blue-ribbon panel. 
Leaks, floods, power outages, poor hu- 
midity control, and other problems are 
hobbling the productivity of NIST’s labo- 
ratories in Gaithersburg, Maryland, and 
Boulder, Colorado, according to a report 
released last week by a committee as- 
sembled by the U.S. National Academies 
of Sciences, Engineering, and Medicine 
(NASEM). “NIST facilities are 
not world class and therefore 
a growing impediment to at- 
tracting and retaining staff,” 
says Ross Corotis, an emeritus 
engineering professor at the 
University of Colorado, Boulder, 
who chaired the committee. “We 
saw some labs that were nearly 


“We saw some 
labs that 
were nearly 
uninhabitable.” 


standard kilogram in 2019. The committee 
found 63% of the institute’s research facili- 
ties fail to meet established standards for 
acceptable building conditions, and that 
the shortcomings reduce researchers’ pro- 
ductivity by an estimated 10% to 40%. 

The NASEM panel notes that over the 
past 20 years, annual reports from outside 
experts have “consistently and unequivo- 
cally reported that the root cause of NIST’s 
progressive facilities decline is grossly in- 
adequate funding.” The reports have re- 
peatedly called on Commerce officials to 
budget for upgrades and Congress to pay 
for them. 

The report endorsed an agency blueprint 
to spend roughly $550 million 
annually for the next 12 years 
to modernize a dozen exist- 
ing facilities. “We’d love to do 
it more quickly, but this is the 
time frame we feel NIST can 
get it done,” Corotis says. 

In the past, each dollar in- 
vested in NIST facilities has re- 


: : . - Kent Rochford, 
uninhabitable,” notes commit- SPIE, the international turned $9 to the U.S. economy, 
tee member Kent Rochford, society for according to independent stud- 


executive director of SPIE, the 
international society for optics 
and photonics, and former head of NIST’s 
intramural program. 

NIST, part of the Department of Com- 
merce, is charged with promoting U.S. 
innovation and industrial competitive- 
ness through research on measurement 
standards. Such standards are essential 
for everything from computer chip manu- 
facturing and internet communication to 
electricity distribution and ensuring the 
reliability of COVID-19 tests. 

The new report cites several examples 
of the toll that deteriorating infrastructure 
has taken. A lack of humidity and dust 
controls in one lab led to repeated delays 
in providing radiation sensors to two na- 
tional laboratories for identifying nuclear 
materials. A power interruption at a Boul- 
der lab destroyed a $6 million electron 
microscope used for research on 3D print- 
ing. And recent flooding in a basement lab 
in Gaithersburg permanently damaged a 
Kibble balance used to help redefine the 
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ies. That ratio makes the pro- 
posed spending “one of the best 
investments the government can make in 
the nation’s research,” says committee mem- 
ber Eric Dillinger, a vice president of strate- 
gic consulting at Woolpert, an architecture 
and engineering firm. 

Dillinger says the panel has scheduled 
briefings with White House science and 
budget officials working on the president’s 
fiscal year 2024 budget request, which will 
be presented to Congress next month. But 
the new Republican majority in the US. 
House of Representatives has already de- 
manded steep cuts in federal spending. 

Prospects may be brighter over the 
long term, says science policy analyst 
Mitch Ambrose of the American Institute 
of Physics. “Congress at times has [sup- 
ported] long-term, bipartisan campaigns to 
upgrade agencies’ physical infrastructure,” 
says Ambrose. He cites current efforts to 
modernize facilities at the National Insti- 
tutes of Health and the nation’s nuclear 
weapons facilities. 
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sulfur dioxide levels down to 2 parts per 
trillion, and another can distinguish differ- 
ent particles by their chemical makeup. 

Next week, flights will begin out of 
Houston, Texas, to altitudes of up to 
20 kilometers, and later this month, the 
team plans to move to Fairbanks, Alaska, 
where they will fly until late March. At that 
time of the year, air that entered the strato- 
sphere a half-decade earlier in the tropics 
descends in the Arctic. “We're going to 
get into really old stratospheric air,’ says 
Troy Thornberry, the NOAA atmospheric 
chemist who leads the flights. By studying 
aging sulfate particles, the team hopes to 
witness the chemical reactions that break 
them apart and release sulfur at the end 
of their lifetimes. They want to study how 
such sulfur interacts with organic particles 
such as soot and the dust of meteorites. 
Rosenlof says they will also study how soot 
absorbs the Sun’s heat, causing air parcels 
to rise and prolonging particle lifetimes in 
the stratosphere. 

Additional flights are planned for Costa 
Rica in 2024 and the Southern Hemisphere 
in 2025. But in the meantime, the team is 
open to missions of opportunity. If a mas- 
sive volcanic eruption occurs, they’ve as- 
sembled the perfect payload to explore its 
impact, Frost says. “That would be an event 
we'd want to study if at all possible.” The 
same goes for any wildfires similar in scale 
to those in Australia in 2020. 

Some researchers want the U.S. govern- 
ment to put together a bigger solar geo- 
engineering research program. Although 
the NOAA program is well designed, it’s a 
small piece of the puzzle, says Chris Field, 
a climate scientist at Stanford University 
and chair of the NASEM report. “It’s really 
important to find a way to ask bold ques- 
tions about where something unexpected 
could go wrong.” In March 2022, Congress 
ordered the White House’s Office of Science 
and Technology Policy to develop such a 
plan, but it still has not been released. “Fed- 
erally funded research is a very good idea— 
and the only way this work ideally should 
be funded,” says Sikina Jinnah, who studies 
geoengineering governance at the Univer- 
sity of California, Santa Cruz. 

Although some climate scientists dis- 
agree that such research should go forward 
or have even called for a ban on it, shut- 
ting it down would be a mistake, says James 
Hurrell, a climate scientist at Colorado 
State University who previously led NCAR. 
“If we could help avoid the worst impacts 
[of climate change] and buy more time for 
the world to reduce concentrations, don’t 
we want to know that?” And if it’s a bad 
idea, he adds, “the best way to prove that is 
through research.” 
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NIST facilities threatens U.S. economic growth 
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he U.S. government needs to spend 
$6.6 billion over the next 12 years 
to repair and upgrade research fa- 
cilities at the National Institute of 
Standards and Technology (NIST), 
according to a blue-ribbon panel. 
Leaks, floods, power outages, poor hu- 
midity control, and other problems are 
hobbling the productivity of NIST’s labo- 
ratories in Gaithersburg, Maryland, and 
Boulder, Colorado, according to a report 
released last week by a committee as- 
sembled by the U.S. National Academies 
of Sciences, Engineering, and Medicine 
(NASEM). “NIST facilities are 
not world class and therefore 
a growing impediment to at- 
tracting and retaining staff, 
says Ross Corotis, an emeritus 
engineering professor at the 
University of Colorado, Boulder, 
who chaired the committee. “We 
saw some labs that were nearly 


“We saw some 
labs that 
were nearly 
uninhabitable.” 


standard kilogram in 2019. The committee 
found 63% of the institute’s research facili- 
ties fail to meet established standards for 
acceptable building conditions, and that 
the shortcomings reduce researchers’ pro- 
ductivity by an estimated 10% to 40%. 

The NASEM panel notes that over the 
past 20 years, annual reports from outside 
experts have “consistently and unequivo- 
cally reported that the root cause of NIST’s 
progressive facilities decline is grossly in- 
adequate funding.” The reports have re- 
peatedly called on Commerce officials to 
budget for upgrades and Congress to pay 
for them. 

The report endorsed an agency blueprint 
to spend roughly $550 million 
annually for the next 12 years 
to modernize a dozen exist- 
ing facilities. “We’d love to do 
it more quickly, but this is the 
time frame we feel NIST can 
get it done,” Corotis says. 

In the past, each dollar in- 
vested in NIST facilities has re- 


: : ‘ . Kent Rochford, 
uninhabitable,” notes commit- SPIE, the international turned $9 to the U.S. economy, 
tee member Kent Rochford, society for according to independent stud- 


executive director of SPIE, the 
international society for optics 
and photonics, and former head of NIST’s 
intramural program. 

NIST, part of the Department of Com- 
merce, is charged with promoting U.S. 
innovation and industrial competitive- 
ness through research on measurement 
standards. Such standards are essential 
for everything from computer chip manu- 
facturing and internet communication to 
electricity distribution and ensuring the 
reliability of COVID-19 tests. 

The new report cites several examples 
of the toll that deteriorating infrastructure 
has taken. A lack of humidity and dust 
controls in one lab led to repeated delays 
in providing radiation sensors to two na- 
tional laboratories for identifying nuclear 
materials. A power interruption at a Boul- 
der lab destroyed a $6 million electron 
microscope used for research on 3D print- 
ing. And recent flooding in a basement lab 
in Gaithersburg permanently damaged a 
Kibble balance used to help redefine the 


optics and photonics 


ies. That ratio makes the pro- 
posed spending “one of the best 
investments the government can make in 
the nation’s research,” says committee mem- 
ber Eric Dillinger, a vice president of strate- 
gic consulting at Woolpert, an architecture 
and engineering firm. 

Dillinger says the panel has scheduled 
briefings with White House science and 
budget officials working on the president’s 
fiscal year 2024 budget request, which will 
be presented to Congress next month. But 
the new Republican majority in the US. 
House of Representatives has already de- 
manded steep cuts in federal spending. 

Prospects may be brighter over the 
long term, says science policy analyst 
Mitch Ambrose of the American Institute 
of Physics. “Congress at times has [sup- 
ported] long-term, bipartisan campaigns to 
upgrade agencies’ physical infrastructure,” 
says Ambrose. He cites current efforts to 
modernize facilities at the National Insti- 
tutes of Health and the nation’s nuclear 
weapons facilities. 
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Does Earth hold vast stores of a renewable, carbon-free fuel? 
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By Eric Hand 


n the shade of a mango tree, Mamadou 
Ngulo Konaré recounted the legend- 
ary event of his childhood. In 1987, 
well diggers had come to his vil- 
lage of Bourakébougou, Mali, to drill 
for water, but had given up on one 
dry borehole at a depth of 108 me- 
ters. “Meanwhile, wind was com- 
ing out of the hole,’ Konaré told 
Denis Briére, a petrophysicist 
and vice president at Chapman 
Petroleum Engineering, in 2012. 
When one driller peered into the 
hole while smoking a cigarette, 
the wind exploded in his face. 

“He didn’t die, but he was 
burned,” <Konaré continued. 
“And now we had a huge fire. 
The color of the fire in daytime 
was like blue sparkling water 
and did not have black smoke 
pollution. The color of the fire 
at night was like shining gold, 
and all over the fields we could 
see each other in the light. ... We 
were very afraid that our village 
would be destroyed.” 

It took the crew weeks to snuff 
out the fire and cap the well. 
And there it sat, shunned by the 
villagers, until 2007. That was 
when Aliou Diallo, a wealthy 
Malian businessman, politician, 
and chair of Petroma, an oil and 
gas company, acquired the rights 
to prospect in the region sur- 
rounding Bourakébougou. “We 
have a saying that human beings 
are made of dirt, but the devil 
is made of fire,’ Diallo says. “It 
was a cursed place. I said, ‘Well, 
cursed places, I like to turn them 
into places of blessing.” 

In 2012, he recruited Chapman 
Petroleum to determine what 
was coming out of the borehole. 
Sheltered from the 50°C heat in 
a mobile lab, Briére and his tech- 
nicians discovered that the gas 
was 98% hydrogen. That was ex- 
traordinary: Hydrogen almost never turns 
up in oil operations, and it wasn’t thought 
to exist within the Earth much at all. “We 
had celebrations with large mangos that 
day,” Briére says. 

Within a few months, Briére’s team had 
installed a Ford engine tuned to burn hy- 
drogen. Its exhaust was water. The engine 
was hooked up to a 300-kilowatt generator 


A methane and hydrogen seep on Mount Chimaera 
in Turkey has burned for centuries. 


SCIENCE science.org 


that gave Bourakébougou its first electri- 
cal benefits: freezers to make ice, lights for 
evening prayers at the mosque, and a flat- 
screen TV so the village chief could watch 
soccer games. Children’s test scores also im- 
proved. “They had the lighting to learn their 
lessons before going to class in the morn- 
ing,” Diallo says. He soon gave up on oil, 
changed the name of his company to Hy- 
droma, and began drilling new wells to as- 
certain the size of the underground supply. 


Malian businessman and former presidential candidate Aliou Diallo casts 
his vote in 2018 (top). Now, his company is preparing to extract hydrogen 
from underground deposits near the village of Bourakébougou (bottom). 


The Malian discovery was vivid evi- 
dence for what a small group of scien- 
tists, studying hints from seeps, mines, 
and abandoned wells, had been saying for 
years: Contrary to conventional wisdom, 
large stores of natural hydrogen may ex- 
ist all over the world, like oil and gas—but 
not in the same places. These researchers 
say water-rock reactions deep within the 
Earth continuously generate hydrogen, 
which percolates up through the crust and 
sometimes accumulates in underground 


traps. There might be enough natural hy- 
drogen to meet burgeoning global demand 
for thousands of years, according to a US. 
Geological Survey (USGS) model that was 
presented in October 2022 at a meeting of 
the Geological Society of America. 

“When I first heard about it, I thought 
it was crazy,’ says Emily Yedinak, a mate- 
rials scientist who devoted a fellowship at 
the Advanced Research Projects Agency- 
Energy (ARPA-E) to drumming up interest 
in natural hydrogen. “The more 
that I read, the more I started to 
realize, wow, the science behind 
how hydrogen is produced is 
sound ... I was kind of like, ‘Why 
is no one talking about this?’” 

Since 2018, however, when 
Diallo and his colleagues de- 
scribed the Malian field in the 
International Journal of Hy- 
drogen Energy, the number of 
papers on natural hydrogen has 
exploded. “It’s absolutely incred- 
ible and really exponential,” says 
geologist Alain Prinzhofer, lead 
author on the Mali paper and 
scientific director of GEO4U, a 
Brazil-based oil and gas services 
company that is doing more and 
more hydrogen work. Dozens of 
startups, many in Australia, are 
snatching up the rights to ex- 
plore for hydrogen. Last year, 
the American Association of 
Petroleum Geologists formed 
its first natural hydrogen com- 
mittee, and USGS began its first 
effort to identify promising hy- 
drogen production zones in the 
United States. “We're in the very 
beginning, but it will go fast,” 
says Viacheslav Zgonnik, CEO 
of Natural Hydrogen Energy. In 
2019, the startup completed the 
first hydrogen borehole in the 
United States, in Nebraska. 

The enthusiasm for natural 
hydrogen comes as interest in 
hydrogen as a clean, carbon-free 
fuel is surging. Governments 
are pushing it as a way to fight 
global warming, efforts that were galva- 
nized when Russia invaded Ukraine last 
year and triggered a hasty search, espe- 
cially in Europe, for alternatives to Russian 
natural gas. At the moment, all commer- 
cial hydrogen has to be manufactured, 
either in a polluting way, by using fossil 
fuels, or in an expensive way, by using re- 
newable electricity. Natural hydrogen, if it 
forms sizable reserves, might be there for 
the taking, giving the experienced drillers 
in the oil and gas industry a new, environ- 
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mentally friendly mission. “I believe that it 
has the potential to replace all fossil fuels,” 
Zgonnik says. “That’s a very large state- 
ment, I know.” 

Critically, natural hydrogen may be not 
only clean, but also renewable. It takes mil- 
lions of years for buried and compressed 
organic deposits to turn into oil and gas. 
By contrast, natural hydrogen is always 
being made afresh, when underground 
water reacts with iron minerals at elevated 
temperatures and pressures. In the de- 
cade since boreholes began to tap hydro- 
gen in Mali, flows have not diminished, 
says Prinzhofer, who has consulted on the 
project. “Hydrogen appears, almost every- 
where, as a renewable source of energy, not 
a fossil one,” he says. 

It is still early days for natural hydrogen. 
Scientists don’t completely understand 
how it forms and migrates and—most 
important—whether it accumulates in a 
commercially exploitable way. “Interest is 
growing fast, but the scientific facts are 
still lacking,” says Frédéric-Victor Donzé, a 
geophysicist at Grenoble Alpes University. 
Big Oil is hanging back, watching while 
wildcatters take on the risky exploratory 
work. Commercialization of the Mali field 
has run into snags, and elsewhere only a 
few exploratory wells have been drilled. 
Donzé, who has sworn off accepting indus- 
try money, worries about hype. 

Yet some scientists have become true be- 
lievers. Eric Gaucher, a geochemist at the 
University of Bern, left a career at French 
oil giant Total because it wasn’t moving 
fast enough on hydrogen. He believes the 
Mali discovery might end up in the his- 
tory books alongside one that happened 
163 years ago in Titusville, Pennsylvania. 
At the time, the world knew about seeps 
of oil in places such as Iraq and California 
but was blind to the vast deposits that lay 
underground. Then on 27 August 1859, a 
nearly bankrupt prospector named Edwin 
Drake, working in Titusville with a steam 
engine and cast-iron drill pipes, struck 
black gold at a depth of 21 meters, and be- 
gan collecting it in a bathtub. Before long, 
U.S. companies were harvesting millions of 
bathtubs of oil every day. 

“T am thinking we are not very far from 
that with hydrogen,” Gaucher says. “We have 
the concept, we have the tools, the geology. 
... We only need people able to invest.” 


EVEN THOUGH IT’S CARBON-FREE, hydro- 
gen has its faults as an energy source. 
One kilogram of hydrogen holds as much 
energy as a gallon of gasoline (just under 
4 liters). But at ambient pressures, that same 
kilogram of hydrogen occupies more space 
than the drum of a typical concrete mixing 
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truck. Pressurized tanks can hold more but 
add weight and costs to vehicles. Liquefying 
hydrogen requires chilling it to -253°C— 
usually a disqualifying expense. 

These storage issues—along with a lack 
of pipelines and distribution systems—are 
the main reasons why, in the race to elec- 
trify cars, batteries have won out over fuel 
cells, which convert hydrogen to electric- 
ity. Similarly, for domestic heating, most 
experts believe electric heat pumps make 
more sense than hydrogen furnaces. 

Yet as much as half of the world’s pro- 
jected energy demand will remain hard 
to decarbonize by switching to electric- 
ity, says Dharik Mallapragada, an energy 
systems researcher at the Massachusetts 
Institute of Technology: “That’s where hy- 
drogen comes in.” He sees room for hydro- 
gen to replace hydrocarbons in heavy-duty 


The hydrogen rainbow 
Researchers use colors to distinguish 
between different kinds of hydrogen. 


Gray hydrogen Made from fossil 
fuels, which release carbon dioxide and 
add to global warming. 


@ Blue hydrogen Same as gray 
hydrogen, but the carbon is captured 
and sequestered. 


@ Green hydrogen Made without carbon 
emissions by using renewable electricity to 
split water. 


@ Gold hydrogen Tapped from natural 
subsurface accumulations. 


@ Orange hydrogen Stimulated by 
pumping water into deep source rocks. 


vehicles that are ill-suited to batteries: 
trucks, ships, and perhaps even planes, all 
of which can handle larger tanks and fewer 
fueling stations. Industries such as steel 
that require high-temperature combustion 
are another likely market. And today’s pri- 
mary markets for hydrogen—it is needed 
to make ammonia fertilizers, for example— 
will continue to grow from the current 
90 million tons a year. 

But to be climate-friendly, hydrogen 
needs to be produced cleanly. Today’s hy- 
drogen is “gray,” made by reacting methane 
with steam at high pressures or using fossil 
fuels in other ways. Those processes emit 
some 900 million tons of carbon dioxide ev- 
ery year, almost as much as global aviation. 
In principle, that carbon could be captured 
and sequestered underground, yielding 
“blue” hydrogen. But most hopes rest on 
“green” hydrogen—using renewable solar 
or wind power to split water molecules into 
oxygen and hydrogen with electrolyzers. 


Governments have embraced the con- 
cept. In September 2022, the U.S. Depart- 
ment of Energy (DOE) said it would spend 
$7 billion on at least half a dozen hydrogen 
“hubs”: production sites for green or blue 
hydrogen. And in May 2022, the European 
Union called for 20 million tons a year of 
new green hydrogen—half imported, half 
domestic—by 2030. 

But green hydrogen costs about $5 per 
kilogram, more than twice as much as gray 
hydrogen, which tends to track the price 
of natural gas. Cheaper electrolyzers will 
help—DOE is sponsoring a “moonshot” to 
reach $1 per kilogram within a decade. But 
green hydrogen would also require a huge 
scale-up of renewable electricity. Meeting 
the EU target, for instance, would require 
about 1000 terawatt-hours of new solar 
and wind installations, nearly double what 
Europe has now, Mallapragada says. 

Pumping hydrogen out of the ground 
should be much cheaper, which is why pro- 
ponents sometimes call the natural stuff 
“gold.” Briére says extraction at the Mali 
site, which benefits from shallow wells and 
nearly pure hydrogen, could be as cheap as 
50 cents per kilogram. Ian Munro, CEO of 
Helios Aragon, a startup pursuing hydrogen 
in the foothills of the Spanish Pyrenees, says 
his break-even costs might end up between 
50 and 70 cents. “If it does work, it could 
revolutionize energy production,” he says. 
“There’s a big ‘if’ there. But you're not going 
to get that with green hydrogen, right? To 
me, that’s a bottomless pit.” 


THE OIL AND GAS industry has punctured 
Earth with millions of wells. How could 
it have overlooked hydrogen for so long? 
One reason is that hydrogen is scarce in 
the sedimentary rocks that yield oil and 
gas, such as organic-rich shales or mud- 
stones. When compacted and heated, the 
carbon molecules in those rocks consume 
any available hydrogen and form longer 
chain hydrocarbons. Any hydrogen the 
oil encounters as it migrates to a porous 
“reservoir” rock such as a sandstone tends 
to react to form more hydrocarbons. Hy- 
drogen can also react with oxygen in rocks 
to form water or combine with carbon di- 
oxide to form “abiotic” methane. Microbes 
gobble it up to make yet more methane. 

Even if the hydrogen survives, geologists 
thought, it should not accumulate. Hydro- 
gen is the smallest molecule of all: It can 
leak through minerals and even metals. If 
Earth were producing hydrogen, it seemed 
unlikely to hang around. 

And so, historically, when well loggers 
cataloged their borehole emanations, they 
rarely bothered to measure for hydrogen. 
“The bottom line—they weren't really looking 
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for hydrogen,” says Geoffrey Ellis, an organic 
geochemist at USGS. “We weren’t looking in 
the right places with the right tools.” 

Yet the hints were there for those who did 
look. According to Zgonnik, a geochemist 
who recently published a review of natural 
hydrogen, the first scientific discussion of it 
dates to 1888, when Dmitri Mendeleev, the 
father of the periodic table, reported hydro- 
gen seeping from cracks in a coal mine in 
Ukraine. Zgonnik, who was born and raised 
in Ukraine, says reports of hydrogen are 
relatively common throughout the former 
Soviet Union—because Soviet researchers 
were looking for it. They held to a now dis- 
credited theory that would have required 
significant amounts of natural hydrogen to 
produce oil from nonliving processes rather 
than from ancient life. 


For Barbara Sherwood Lollar, a Univer- 
sity of Toronto geochemist, the hydrogen 
revelation came in the 1980s, when she 
was a graduate student. She was taking 
data in mines in Canada and Finland, fol- 
lowing up on evidence they sometimes 
contained flammable gases. She measured 
the expected hydrocarbons—some meth- 
ane, some ethane—but they didn’t add up 
to the total mass in her samples. Finally, 
she realized that some contained as much 
as 30% hydrogen. “We didn’t even measure 
for it, because nobody expected hydrogen 
in the system,” she says. 

Hundreds of hydrogen seeps have now 
been documented around the_ world. 
Zgonnik has come to believe hydrogen 
can explain even more common features: 
hundreds of thousands of shallow, circular 


depressions in the land, tens or hundreds 
of meters across, that go by names like 
fairy circles, witch rings, or water basins. 
“They're widespread and very mysterious,” 
he says. Surveying several of these features 
along the U.S. East Coast, where they are 
called Carolina bays, Zgonnik and his col- 
leagues found they were leaking hydro- 
gen, and that its concentration grew with 
depth. Zgonnik thinks that hydrogen dis- 
solves away minerals in underlying rocks, 
leading to slumping at the surface. 
Vegetation within the circles can 
sometimes be suppressed, notes Isabelle 
Moretti, a geologist at the University of 
Pau and the Adour Region who has docu- 
mented hydrogen seeping from fairy cir- 
cles in Brazil, Namibia, and Australia. She 
speculates it might have something to do 


Earth’s hydrogen factories 


Hydrogen is a carbon-free fuel, but manufacturing it is dirty and expensive. Some researchers believe cheap, 
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vast, and potentially renewable sources of natural hydrogen sit underground. 
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1 Radiolysis 

Trace radioactive elements in rocks emit radiation 
that can split water. The process is slow, so 

ancient rocks are most likely to generate hydrogen. 


2 Serpentinization 

At high temperatures, water reacts with iron-rich rocks 
to make hydrogen. The fast and renewable reactions, 
called serpentinization, may drive most production. 


3 Deep-seated 

Streams of hydrogen from Earth's core or 
mantle may rise along tectonic plate boundaries 
and faults. But the theory of these vast, deep 
stores is controversial. 
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Loss mechanisms 


4 Seeps 

Hydrogen travels quickly through faults and 
fractures. It can also diffuse through rocks. 
Weak seeps might explain shallow depressions 
sometimes called fairy circles. 


5 Microbes 

In shallower layers of soil and rock, 
microbes consume hydrogen for energy, 
often producing methane. 


6 Abiotic reactions 

At deeper levels, hydrogen reacts with 
rocks and gases to form water, methane, 
and mineral compounds. 
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Extraction 


7 Traps 

Hydrogen might be tapped like oil and gas—by drilling 
into reservoirs trapped in porous rocks below salt 
deposits or other impermeable rock layers. 


8 Direct 

It might also be possible to tap the iron-rich 

source rocks directly, if they're shallow and fractured 
enough to allow hydrogen to be collected. 


9 Enhanced 

Hydrogen production might be stimulated by 
pumping water into iron-rich rocks. Adding carbon 
dioxide would sequester it from the atmosphere, 
slowing climate change. 
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Hydrogen seepages might explain mysterious depressions often called fairy circles. Some are more than 1 kilometer wide in this lidar image of coastal North Carolina. 


with hydrogen-loving microbes consuming 
other nutrients. “Maybe there is nothing 
left,” she says. 

Most hydrogen seeps are too feeble to 
be commercially exploitable. But their very 
existence is promising, and “really a mira- 
cle,” Gaucher says. “You have oxidant in the 
soil, oxygen in the atmosphere, and plenty 
of microbes that love to eat this hydrogen,” 
he says. “That it exists at all, there must 
be more.” 

“There must be a deeper, bigger source.” 


THE MAIN ENGINE of natural hydrogen pro- 
duction is now thought to be a set of high- 
temperature reactions between water and 
iron-rich minerals such as olivine, which 
dominate Earth’s mantle. One common re- 
action is called serpentinization, because it 
converts olivine into another kind of min- 
eral called serpentinite. In the process the 
iron oxidizes, grabbing oxygen atoms from 
water molecules and releasing hydrogen. 

Scientists diving in submersibles have 
seen this process up close at the volcanic 
Mid-Atlantic Ridge, where tectonic plates 
are tugged apart and mantle rocks rise up 
to create fresh slabs of ocean crust. At a site 
known as Lost City (for the towering “white 
smoker” chimneys gushing mineral-rich hot 
water), researchers measured high amounts 
of hydrogen spewing from the sea floor. 
And on Iceland, which straddles the Mid- 
Atlantic Ridge, Moretti and her colleagues 
have recorded comparable hydrogen flows 
at some of the hot springs and geothermal 
wells that dot the country. 
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But the hope for commercial natural hy- 
drogen lies closer to potential customers 
on the continents. Prospectors are looking 
in cratons, the ancient cores of continents, 
says Owain Jackson, exploration director 
at H2Au, a U.K.-based hydrogen company. 
Trapped within them are bands of iron- 
rich rock, called greenstone belts, which 
are the remnants of ocean crust that got 
squeezed between the cratons in ancient 
continental collisions. Where olivine and 
other minerals are buried deep enough to 
be hotter than 200°C, and yet still exposed 
to water percolating from the surface, they 


“We weren't looking in the 
right places with the right tools.” 


Geoffrey Ellis, U.S. Geological Survey 


can produce hydrogen. Jackson, who once 
helped evaluate lease blocks in a region 
of Mali several hundred kilometers away 
from Bourakébougou, believes greenstone 
belts deep in the West African craton are 
driving the hydrogen production there. 
“We're just a bit annoyed we gave the 
blocks back,” he says. 

Cratons hold a second major source of 
iron with hydrogen-producing potential, 
Prinzhofer says—one that dates to an evo- 
lutionary turning point about 2.4 billion 
years ago. At the time, the oceans were an- 
oxic and saturated in dissolved iron. But 
then, in a revolution known as the Great 


Oxidation Event, ocean-living microbes 
evolved the ability to photosynthesize. 
The oxygen they emitted caused the iron 
to fall as rust to the ocean floor, where it 
eventually turned to stone. Like green- 
stone belts, some of these deposits wound 
up surviving in the cratons and are known 
today as banded iron formations. They’re 
thought to hold some 60% of the world’s 
iron reserves. 

In a 2014 paper, Sherwood Lollar and 
colleagues considered the makeup of 
Earth’s cratons and found that serpenti- 
nization should produce as much as 80% 
of Earth’s hydrogen. A second mechanism, 
radiolysis, may generate the rest. As radio- 
active elements in the crust such as ura- 
nium and thorium decay, they emit beta 
particles, aka helium nuclei, along with 
other radiation that can split water mol- 
ecules underground and generate an extra 
trickle of hydrogen. 

Zgonnik favors a third and more deep- 
seated source: He thinks primordial hydro- 
gen, trapped soon after the planet’s birth 
in its iron core, is seeping to the surface 
through thousands of kilometers of rock. 
The evidence is spotty and Zgonnik ac- 
knowledges the theory is controversial. “It 
goes against many paradigms,” he says. 

For Prinzhofer, the question of where 
natural hydrogen comes from is academic. 
“Maybe we are all completely wrong,” he 
says. “It doesn’t matter for the industry.’ 
The oil industry sprang up long before it 
understood oil’s origins, he says. Similarly, 
what matters for the natural hydrogen in- 
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dustry is simply whether there is enough 
of the stuff to go after. 

At USGS, Ellis is working on answering 
that question. He thinks Earth produces 
orders of magnitude more hydrogen each 
year than the 90 million tons that humans 
manufacture. But it’s not only that flow 
that matters—it’s the size of the under- 
ground stock. “How much can be trapped 
in the subsurface that we can actually go 
after?” Ellis asks. “That’s a much more dif- 
ficult question to answer.” 

He and his USGS colleague Sarah 
Gelman gave it a try using a simple “box” 
model borrowed from the oil industry. 
The model accounted for impermeable 
rock traps of different 
kinds, the destructive ef- 
fect of microbes, and the - 
assumption—based on 
oil industry experience— 
that only 10% of hydro- 
gen accumulations might 
ever be tapped economi- 
cally. Ellis says the model 
comes up with a range 
of numbers centered 
around a trillion tons of 
hydrogen. That would 
satisfy world demand for 
thousands of years even 
if the green-energy tran- 
sition triggers a surge in 
hydrogen use. 

Ellis acknowledges that 
much of this global re- 
source could end up being 
too scattered to be cap- 
tured economically, like 
the millions of tons of gold 
that are dissolved in the 
oceans at parts per trillion levels. But that 
worry hasn’t stopped the hydrogen hunters. 


WHILE CONFINED by one of Australia’s 
COVID-19 lockdowns in November 2020, 
Luke Titus found himself reading an ob- 
secure 1944 report: Bulletin Number 22 
from the Department of Mines of the Geo- 
logical Survey of South Australia. It con- 
tained an analysis of data from farmers 
who had banded together to search for oil, 
using divining rods and other questionable 
techniques. “There’s even reports of them 
dipping their hands in kerosene,” Titus 
says. “It’s all rather amusing.” But Titus, 
co-founder of a company called Gold Hy- 
drogen, wasn’t laughing when he saw the 
data from one borehole, drilled in 1921 on 
Kangaroo Island. It had produced as much 
as 80% hydrogen. Another well, on the 
nearby Yorke Peninsula, was close to 70%. 

In February 2021, when South Austra- 
lia expanded its oil regulations to allow 
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drilling for hydrogen, Titus pounced. That 
same month, he submitted an application 
to explore nearly 8000 square kilometers 
on the Yorke Peninsula and Kangaroo Is- 
land. He created two other paper compa- 
nies to lodge applications on thousands 
more square kilometers. Within weeks, he 
had competitors. “A bunch of other busi- 
nesses got wind of it,” he says. 

Now, South Australia is in the middle of 
a hydrogen boom, at least on paper. The 
state is blessed with favorable geology. It’s 
covered by the ancient Gawler Craton, and 
its iron and uranium mines point to the 
source rocks needed for both serpentini- 
zation and radiolysis. With the ocean so 


A large fairy circle in Brazil that leaks hydrogen is curiously devoid of vegetation. 


close, Titus says, the rocks are sure to be 
water-saturated. This year he plans to con- 
duct an airborne geophysical survey to de- 
lineate what he believes is the source rock 
on the Yorke Peninsula, just 1.8 kilometers 
down. In January, in an initial public of- 
fering on the Australian Stock Exchange, 
the company raised $20 million, enough to 
drill an exploratory well. “We’re working at 
the bleeding edge,” he says. 

In Spain, Munro is waiting for regula- 
tions to catch up. Like Gold Hydrogen, his 
company Helios Aragon was founded on 
old but promising data: a “show” of 25% 
hydrogen in the Monzon-1 well, drilled in 
1963 to a depth of 3.7 kilometers by the Na- 
tional Petroleum Company of Aragon. And 
like Titus, Munro believes he’s got an ideal 
site for hydrogen. In the core of the Pyr- 
enees are iron-rich marine rocks, squeezed 
and lifted up when the Iberian Plate closed 
an ocean and rammed into France some 
65 million years ago. Munro says deep 


faults channel hydrogen produced in those 
rocks up into a porous sandstone layer, 
which is capped by a tight shale. 

Munro plans to drill an exploratory well in 
late 2024. “We believe we'll be Europe’s first 
natural hydrogen well,” he says. But because 
his lease was awarded under Spain’s oil laws, 
and a 2021 climate law has since put a mora- 
torium on new operations, he won’t be able 
to produce commercially until Spain carves 
out an exemption for hydrogen. 

In the United States, the birthplace of 
fracking and the shale gas boom, the regu- 
latory environment is looser. Yet, Ellis says, 
“For unknown reasons to me really, it hasn’t 
taken off in North America yet.” At USGS, he 
and a couple other employees 
are the only staff focusing on 
natural hydrogen. At ARPA-E, 
it was just Yedinak and one 
other person—until she left 
the agency a few months ago 
to join a clean energy startup. 

Ellis is now using geo- 
physical data to assess prom- 
ising U.S. terrain for hydro- 
gen generation. He says the 
United States likely sits on two 
rich veins. One is about 10 to 
20 kilometers off the Eastern 
Seaboard, where iron-rich 
mantle rocks lie about 10 kilo- 
meters beneath the seabed. He 
believes hydrogen created in 
those rocks may be migrating 
up and toward shore through 
porous sediments—perhaps 
explaining why Carolina bays 
are found all along the East 
Coast. Another potential hot 
spot is in the Midwest, where 
a volcanic rift failed to split North America a 
billion years ago. It brought iron-rich mantle 
rocks close to the surface in a band from 
Minnesota to Kansas. 

That’s the target for Zgonnik. In 2019, 
Natural Hydrogen Energy completed its 
3.4-kilometer-deep well in the middle of 
a “water basin’—the local term for a fairy 
circle—and surrounded by corn and soybean 
fields. The well, near Geneva, Nebraska, sits 
close to deep faults that might connect it to 
the rocks of the failed rift zone. Zgonnik 
declined to say how much hydrogen the 
well produces, but in April 2022, the com- 
pany HyTerra bought a stake in the opera- 
tion. A HyTerra presentation says gas from 
the well “burned with a clear flame’—a 
sign that hydrogen is predominant. 

Gaucher believes the first target for nat- 
ural hydrogen explorers should be shallow 
accumulations that sit under impermeable 
caps within a kilometer or two of the sur- 
face. But if the source rocks themselves are 
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In 2019, the startup Natural Hydrogen Energy drilled the first U.S. hydrogen w 


within reach, he says, hydrogen could be 
collected from them directly, like oil from 
fracked shale; water could even be injected 
into the iron-rich rock to stimulate produc- 
tion. While collecting hydrogen, the well 
could also tap the geothermal energy in 
the heated water that returns to the sur- 
face. Best of all, if carbon dioxide were dis- 
solved in the injected water, it could react 
with magnesium and calcium in the iron- 
containing rocks and be locked up perma- 
nently as limestone. “You’d be sequestering 
carbon dioxide and producing hydrogen at 
the same time,” Yedinak says. 

The prospects are exciting. But the en- 
thusiasm is all hypothetical at the mo- 
ment. No one anywhere in the world will 
produce hydrogen commercially anytime 
soon—except, perhaps, in Mali. 


ON A NOVEMBER EVENING, Diallo has ar- 
rived on a late flight into Dakar, Senegal, 
where he maintains a home. He lounges 
in a spartan room in a white tunic, taking 
swigs from a water bottle as he tells his 
story on a video call. He is one of Mali’s 
wealthiest citizens, having built his fortune 
from a gold mine and trading risky African 
government debt. He is also a former, and 
perhaps future, presidential candidate in 
a country now ruled by a military junta 
and roiled by years of struggle with 
Islamist terrorists. 

But hydrogen is what he wants to talk 
about. It has been a passion project since he 
acquired the rights to the Bourakébougou 
field more than 15 years ago. “He’s a gam- 
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bler,” Prinzhofer says. “He always told me, 
‘T like to make incredible bets, and this is 
so exciting,” 

The intervening years have been dif- 
ficult, the path to commercialization 
slowed by the pandemic and the military 
coups. International sanctions meant 
to put pressure on the junta make it hard 
for Hydroma to import equipment. And 
few Western drilling companies are willing 
to work in Mali, given the constant secu- 
rity concerns. 

Nevertheless, Hydroma is close to pump- 
ing commercial hydrogen, Diallo claims, 


“We'll be taking care of our 
generation and our 
children’s children’s generation.” 


Denis Briére, 
Chapman Petroleum Engineering 


though he won’t say how close. “Equip- 
ment is being put together now as we 
speak,” Briére says. Diallo says the priority 
is to use Bourakébougou as a filling station 
for fuel cells that could help electrify Mali, 
a country where half the population still 
lacks access to power. 

But why stop there? Diallo wants to ex- 
pand into hydrogen buses, trucks, and even 
trains. After that might come a fertilizer 
factory. Hydroma has created subsidiaries 
in Senegal, Mauritania, Niger, and Guinea- 


Bissau, and Diallo sees hydrogen driv- 
ing prosperity across a region that holds 
400 million people. He calls it the West 
African Big Green Deal. “We have proved 
that, beyond geological curiosity, [hydro- 
gen] is a real natural resource that must be 
relied on in the future,” he says. 


With 30 wells drilled across the 
Bourakébougou field, Briére says he can 
now formally assess “the prize’—oil indus- 
try jargon for the recoverable quantity in 
a reservoir. The field is large, he says: It 
contains some 60 billion cubic meters of 
hydrogen, or about 5 million tons, trapped 
under expansive horizontal sills of ancient 
volcanic rock. 

But the size of the prize may understate 
the promise. Because Earth makes hydro- 
gen so much faster than oil, the volume of 
a reservoir is less meaningful, Briére says. 
“We don’t see that it’s a confined volume, 
we see that it’s always being filled and 
flowing and continuous.” It might be pos- 
sible to tap the Bourakébougou field and 
others like it for many decades without de- 
pleting them. “We’ll be taking care of our 
generation and our children’s children’s 
generation,” Briére says. 

The people of Bourakébougou certainly 
hope so. The Ford engine ran until its 
spark plugs gave out a few years ago, and a 
newly installed fuel cell—quieter and more 
efficient—has not yet been hooked into the 
village grid. Bourakébougou is dark, wait- 
ing for a hydrogen future to arrive. ® 


With reporting by Tania Rabesandratana. 
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Chemical notes of tsetse fly mating 


Volatile pheromones offer a means to control flies that spread disease 


By Zainulabeuddin Syed 


s described nearly half a century ago, 
the tsetse fly lies at the center of a vast 
and complex biological system extend- 
ing across Africa, “destroying man and 
his animals and stifling the economy” 
[(), p.5]. These words still resonate 
today in sub-Saharan Africa, where tsetse 
flies continue to threaten millions of people 
and livestock by transmitting life-threatening 
diseases and destroying the economy (2, 3). 
Indeed, a goal for global health outlined by 
the World Health Organization includes the 
sustainable elimination of tsetse-borne dis- 
eases by 2030 and emphasizes controlling 
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flies as a primary strategy. Tsetse flies, like 
many other vectors of disease, display ro- 
bust olfactory-driven behaviors to navigate 
toward a host for feeding and to a suitable 
mate (4). On page 660 of this issue, Ebrahim 
et al. (5) report the identification of volatile 
pheromones that control mating behavior 
in tsetse flies. This could bolster the arsenal 
of tools to manage the spread of disease by 
these insects. 

Tsetse flies transmit trypanosomes, the pro- 
tozoan parasites that cause sleeping sickness 
in humans [human African trypanosomiasis 
(HAT)] and in animal livestock [African ani- 
mal trypanosomiasis (AAT) in domestic ani- 
mals]. There are recent indications of HAT’s 
decline as the result of effective disease sur- 
veillance and patient treatment. However, 
AAT continues to represent the greatest 
animal health constraint to livestock produc- 


tion in sub-Saharan Africa, killing ~3 million 
cattle each year and inflicting a direct loss of 
up to US $1.2 billion annually. Disease trans- 
mission occurs when these obligate blood 
feeders find a host and transfer the parasites 
while feeding. Thus, a single fly bite can be le- 
thal. A review of centuries-old disease control 
efforts—especially those directed at exploit- 
ing tsetse fly behavior, such as destruction of 
host animals, clearance of habitats for these 
insects (e.g., bushes and hedges), and appli- 
cation of insecticides—showed mixed results 
(6). However, insect traps (including targets 
that attract the flies but are treated with in- 
secticides) have been shown to be quite ef- 
fective. Because some of the most successful 
vector-borne disease management strategies 
have targeted the vector, the discovery of vol- 
atile sex attractants in the tsetse fly expands 
on the possibilities for tsetse management. 
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Volatile pheromones have been identified 
in the tsetse fly Glossina morsitans, a vector 
for disease in humans and animals. 


Pheromones are chemicals that mediate 
attraction between conspecifics (members 
of the same species) and belong to a broader 
category of semiochemicals, which modify 
behavior. The ability to sense chemicals (che- 
mosensation) and respond to them is pro- 
nounced in the insect world. For example, a 
female moth can attract males from hundreds 
of meters away when it is ready to mate. 

Although many insect pheromones have 
been identified and their mechanisms of ac- 
tion continue to be elucidated, chemical com- 
munication in tsetse flies has not been well 
understood. About 25 years ago, three com- 
pounds were isolated from the body wash- 
ings of female tsetse flies and described as 
short-range, nonvolatile pheromones 
that elicit male mating behavior (7). 
Of the three chemicals, 15,19,23-tri- 
methylheptatriacontane (called mor- 
silure) was the most potent. Ebrahim 
et al. have now identified volatile con- 
stituents from the body washings of 
female Glossina morsitans, a species 
of tsetse fly that is a major vector of 
AAT. Using gas chromatography-mass 
spectrometry, they identified methyl 
palmitoleate (MPO), methyl oleate 
(MO), and methyl palmitate (MP) as 
constituents in the body washes that 
elicit a strong mating response. The 
authors used either artificial tsetse 
fly-sized decoys perfumed with each 
of the candidate compounds or vir- 
gin tsetse flies doused with each compound 
to assess mating responses in males (the la- 
tency for initiating mating in the presence of 
conspecific mates was 0.15 + 0.02 min, which 
was used as a baseline). 

Ebrahim et al. further systematically chal- 
lenged a large variety of olfactory sensory 
units (sensilla) in the tsetse fly antennae with 
each volatile compound. Different types of 
sensilla on insect antennae house olfactory 
receptor neurons that detect different odor 
stimuli. Olfactory sensilla of the trichoid 
category normally respond to pheromones 
in insects. By recording the electrical activ- 
ity of the olfactory receptor neurons from 
individual sensilla, the authors identified 
those that detect the major volatile con- 
stituent of the body washes, including MPO. 
Intriguingly, the olfactory receptor neurons 
that responded to MPO also strongly re- 
sponded to 1-octen-3-ol and 4-methylphenol, 
the major chemostimuli identified decades 
ago from cow odors. The chemosensation of 
structurally diverse molecules by a single ol- 
factory receptor neuron further supports the 
notion of robust olfactory coding principles 
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among insects (8). It will be interesting to see 
whether the MPO-detecting neurons in tsetse 
flies express the 9-exon subfamily of odorant 
receptors, which are the proposed detectors 
of hydrocarbons present in the cuticle (the 
extracellular layer that covers the external 
body surface of insects). Ebrahim e¢ al. iden- 
tified MPO only when flies were soaked in 
solvent for 24 hours. The typical cuticular ex- 
traction regime of soaking for no more than 
10 min did not yield MPO. Therefore, where 
MPO is produced or stored in the flies is yet 
to be determined. 

Ebrahim e¢ al. also report that infection 
of female tsetse flies with trypanosome 
parasites altered their cuticular chemi- 
cal profile such that infected flies yielded 
richer profiles—quantitatively and quali- 
tatively—and were less attractive to male 
conspecifics. It should be noted that major 


Understanding the basis of chemical communication in tsetse fly 


mating behavior may guide fly-control strategies. 


constituents in the altered chemical pro- 
files were low-molecular weight terpenes 
with shorter elution times (between 3 and 
7 min) compared with those of MPO, MO, 
and MP. These terpenes can act as strong 
chemostimuli in tsetse flies (9, 70). It is 
conceivable, as the authors point out, that 
infections are metabolically expensive and, 
as such, flies fighting infection would in- 
vest less physiological resources in repro- 
duction. This is then conveyed to males by 
changes in volatile chemical profiles. 

It has been nearly 65 years since the first 
pheromone was identified—bombykol, in 
the silk moth (JJ). The classical method 
used then—isolating the compound from 
glands of hundreds of thousands of moths 
and assessing their effect on male mating 
responses—is generally still followed to- 
day, but it is now combined with modern 
tools that allow the molecular, genetic, and 
cellular elements of insect olfaction to be 
studied. Once this foundational knowledge 
was established in tsetse fly chemosensa- 
tion (12), attention turned to understand- 
ing the signals, or chemical stimuli. 


Leveraging chemical attractants to man- 
age blood-feeding, disease-transmitting 
insects originally emerged from tsetse fly 
research. This seminal work was built upon 
developments in three areas of research. The 
study of cattle—the animal most affected by 
these insects—has been key in identifying se- 
miochemicals from cattle odors. As a result, 
a suite of chemicals, such as 1-ocetn-3-ol, as 
well as a range of methyl, ethyl, and propyl- 
phenols (9) that have since been shown 
to influence the behavior of every known 
blood-feeding arthropod, are constituents of 
all current field-deployable baits. Other key 
research emerged from the serendipitous dis- 
covery that plant odors and their constituent 
chemicals can be formulated in appropriate 
blends that attract tsetse flies (10, 13). The 
invasive plant Lantana camara was long sus- 
pected to have enabled the expansion of tse- 
tse flies in Africa. Recently, this plant 
was implicated as a refuge for mos- 
quitoes, potentially contributing to 
the year-round maintenance of other- 
wise seasonal protozoan malaria and 
other arboviral diseases (14). A major 
constituent identified from L. camara 
odors is 1-octen-3-ol (J0). Olfactory 
neurons in tsetse flies and mosquitoes 
detect this compound with extreme 
sensitivity. The third category of es- 
sential research has been on sex pher- 
omones in tsetse flies (7). This now 
includes the study of Ebrahim et al. 

Insects are among the most abun- 
dant and diverse organisms on Earth 
and display robust olfactory behav- 
iors. Therefore, it is not surprising 
that a better understanding of their sensory 
biology is widening possibilities to exploit 
their behavior against them to control dis- 
ease spread. 
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The first dedicated ice giants mission 


The mysteries of the Uranus system can be unlocked through interdisciplinary exploration 


By Kathleen E. Mandt 


ranus and Neptune are commonly 

called ice giants because they have 

a greater percentage of heavy ele- 

ments compared to the gas giants, 

Jupiter and Saturn. The only space- 

craft to visit Uranus and Neptune 
was Voyager 2 with brief flybys in 1986 
and 1989—more than 30 years ago. These 
encounters presented a captivating view 
of two exotic planetary systems, leaving 
more questions than previously imagined. 
A recent survey conducted by the National 
Academies of Sciences, Engineering, and 
Medicine identified a Uranus Orbiter and 
Probe (UOP) as the planetary science com- 
munity’s top priority for the next NASA 
large-scale mission. It will explore how 
Uranus formed; how much it migrated 
after formation; the planet’s interior 
structure, atmosphere, magnetosphere, 
and ring system; and whether any moons 
have or once had subsurface liquid water 
oceans. This mission will serve to inspire 
and educate multiple generations about 
solar system history and the mysteries at 
its farthest reaches. 

Each decade, NASA tasks the National 
Academies to conduct a “decadal survey” of 
the planetary science community to define 
priorities for the next 10 years. NASA and 
Congress view these surveys as the US space 
science community’s formal statement of 
priority. They cost millions of dollars to ex- 
ecute and include independently evaluated 
mission concept studies. This large invest- 
ment is critical to ensure that the survey 
recommends a technologically feasible pro- 
gram with realistic cost assumptions. It is 
a consensus report representing the voice 
of the community who conduct the survey 
and provide input through white papers. 
Without this process, the community would 
have limited influence with NASA in com- 
municating top science priorities. 

The planetary science decadal survey 
released in 2022, Origins, Worlds, and Life 
(OWL) (J), was one of the most unusual 
conducted to date because it took place 
during the COVID-19 pandemic. Although 
conditions created by the pandemic made 
the effort an extraordinary sacrifice for the 
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many volunteers working on the survey, 
participants were determined to provide a 
true consensus. Over a period of 1 year, pan- 
elists held 176 meetings, carefully reviewed 
over 500 white papers, and sought further 
input through more than 300 presentations 
by external speakers given in open session. 
The survey was built on a framework of 12 
priority science questions each outlined in 
individual chapters. Through these chap- 
ters, the “dearth of knowledge on the ice gi- 
ants” was identified as a problem of highest 
priority for resolving in the coming decade. 

To begin addressing this issue, a UOP 
was recommended as the next planetary 
flagship, or large-scale, mission because of 
the importance of full system science. This 
recommendation is the culmination of over 
20 years of mission concept studies. UOP 
was first identified as a high priority in the 
2003-2013 decadal survey New Frontiers in 
the Solar System (2). It was ranked as the 
third-highest priority flagship in the 2013- 
2023 decadal survey, Visions and Voyages 
(V&V) (3), following Mars Sample Return 
and the Europa Clipper, two missions now 
well advanced in their development. OWL 
reiterated the community consensus from 
V&V that UOP should be the next step. UOP 
will address science goals ranging from the 
origin and evolution of the Solar System to 
understanding processes only existing in 
this mysterious planetary system, and will 
provide results to help answer fundamental 
questions about one of the most common 
types of known exoplanets (planets that ex- 
ist outside the Solar System). 

Understanding how the giant planets 
formed and then migrated has broad im- 
plications for explaining the distribution of 
small bodies in our Solar System; the deliv- 
ery through these small bodies of water and 
life-supporting elements to the inner Solar 
System; and, extending beyond the Solar 
System, the formation of exoplanets and 
their system architectures (7). Solar System 
formation and evolution are evaluated by 
connecting current measurements to con- 
ditions in the protosolar nebula (PSN)—the 
disk of gas, dust, and ice in which Solar 
System objects formed (4). Studying all four 
giant planets (Uranus, Neptune, Jupiter, 
and Saturn) is vital for reconstructing Solar 
System history (5, 6). 

The giant planets formed by collecting 
gas and solids from the PSN, migrating to 


their current locations, and then collecting 
more solid materials through postforma- 
tion impacts by icy and rocky planetesimals. 
Models predict different scenarios for for- 
mation and migration (7), but require mea- 
surements of isotope ratios and noble gas 
abundances in each planet’s atmosphere to 
verify which modeled scenario is most ac- 
curate (1, 4-6). An atmospheric probe is re- 
quired to measure them. 

The nitrogen isotope ratio, “N/°N, is one 
of the more important isotopic measure- 
ments because it reveals the planet’s source 
of nitrogen. Jupiter’s “N/*N, the only giant 
planet measurement currently available, 
is similar to the Sun’s. This suggests that 
Jupiter obtained its nitrogen either from 
PSN gas that was enriched in N, through 
heating of PSN ices, or from building blocks 
formed in extremely cold conditions (6). 
A lower limit for Saturn’s tropospheric 
“N/EN suggests a similar origin (8), but an 
atmospheric probe is needed to confirm a 
similarly high ratio in the well-mixed atmo- 
sphere. No measurement of “N/*N is cur- 
rently available for the ice giants. 

The heavy noble gases provide another 
constraint for formation and evolution of 
the giant planets. Comparing noble gas 
abundances in giant planet atmospheres 
with abundances in analogs for solid ma- 
terials in the PSN, comets and chondrites, 
can establish the relative contributions of 
rocky and icy material to the planet’s for- 
mation and reveal how these solid materials 
were distributed within the PSN. Noble gas 
abundances are only available for Jupiter, 
where they also imply either enriched PSN 
gas or solid building blocks formed in very 
cold conditions (5). Similar measurements 
are needed for Saturn and the ice giants. 
The UOP mission concept design includes a 
probe that will measure the noble gas abun- 
dances and “N/"N in the atmosphere (see 
the figure). 

UOP also includes an orbiter that is de- 
signed for full system science. The Uranus 
system is especially interesting because it 
could bear testimony to a massive collision 
that tilted Uranus on its side (9), resulting 
in a system with rings and moons at an 
obliquity of 98°. This orientation causes ex- 
treme atmospheric seasonal variation over 
its 84-Earth-year orbit, but observations of 
haze and clouds from Earth cannot provide 
enough information to explain atmospheric 
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circulation and wind patterns. The UOP 
probe will measure wind and temperature 
at one location, and the orbiter will make 
global observations that will determine how 
this distinct atmosphere works. 

The system’s extreme obliquity also 
limits visibility of the moons to one hemi- 
sphere during southern and northern 
summers. Voyager 2 could only image the 
moons’ southern hemispheres, but what 
was seen was unexpected. The five largest 
moons, predicted to be cold dead worlds, 
all showed evidence of recent resurfac- 
ing (10), suggesting that geologic activity 
might be ongoing. One or more of these 
moons could have potentially habitable liq- 
uid water oceans under an ice shell, mak- 
ing them “ocean worlds.” Ariel, the most 


Investigating the Uranus system 


extensively resurfaced moon, is a strong 
ocean worlds candidate along with the two 
largest moons, Titania and Oberon (J0) 
(see the figure). UOP will image and mea- 
sure the composition of the full surfaces of 
the moons to search for ongoing geologic 
activity, and measure whether magnetic 
fields vary in their interiors owing to the 
presence of liquid water. 

Uranus has nine very dense narrow rings 
that would require resonances with a fleet 
of shepherding satellites to prevent them 
from rapidly spreading out and losing their 
sharp edges (11). Although Voyager 2 found 
resonances with small moons Cordelia, 
Ophelia, and Cressida, they are not suf- 
ficient to explain all of the ring features. 


Either a large number of moons too small 


The proposed Uranus Orbiter and Probe (UOP) will help to determine how Uranus formed and its 
migration since it formed—the planet's interior structure, atmosphere, magnetosphere, and ring 
system—and whether any moons have habitable liquid water oceans. 
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The Orbiter 


The Probe 

A probe traveling to a depth of 
at least 1 bar in pressure will 
measure noble gases and 
isotopes to reveal the history of 
the Solar System and exoplanet 
systems and the atmospheric 
conditions on Uranus. 
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Comprehensive orbital observations will provide data 
that could solve mysteries about the planet's 

interior and its rings. The orbiter could also detect 
potentially habitable subsurface liquid water 

oceans beneath the five largest moons 

(Miranda, Ariel, Umbriel, Titania, and Oberon). 
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for Voyager 2 detection are present, or reso- 
nances are created by the internal structure 
of Uranus (72). Furthermore, the composi- 
tion of the surprisingly dark ring particles is 
not known and is clearly different from the 
surface composition of the moons (JI). UOP 
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the motions of ring particles, and measure 
their composition. 
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dissolve and erode into the atmosphere af- 
ter formation (J4). Determining whether 
the core of Uranus is solid or diffuse, and 
whether it is dominated by rock or ice, is im- 
portant not only for understanding the ice 
giants, but also has implications for the ori- 
gin and internal structure of similarly sized 
exoplanets. UOP will determine the interior 
structure of Uranus with atmospheric probe 
and orbiter gravity measurements. 

The ideal next steps will build on past 
studies (7-3, 15), particularly the OWL study 
(1). OWL recommended launching by 2032 
to allow the spacecraft to use Jupiter’s mas- 
sive gravity to gain speed out to Uranus. 
This also guarantees arrival well before 
northern autumn equinox in 2050, ensuring 
full visibility of the moons. As an added ben- 
efit, the recommended trajectory slingshots 
the spacecraft over the ecliptic, providing 
a polar view of the Sun—a perspective of 
interest to the heliophysics community for 
making measurements to better understand 
solar wind differences between the poles 
and the equator. Trajectories after 2032 that 
do not use Jupiter’s gravity but still arrive 
before equinox are possible. However, they 
either deliver a smaller spacecraft into orbit 
carrying fewer instruments, or take longer 
to arrive. OWL had limited time to evalu- 
ate the millions of possible trajectories, so 
it will be necessary to use NASA-provided 
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fine trajectory options and determine spe- 
cific mass constraints. This allows develop- 
ment of a spacecraft design optimized for 
the mass constraints and selection of in- 
struments. Evaluating other contributions 
is also of great importance. The European 
Space Agency (ESA) has done several stud- 
ies of ice giants missions and represents a 
community prepared to make essential sci- 
entific and technical contributions. 

As preparation begins for UOP, it is 
important to recognize that although 
Neptune is also an ice giant, its system 
is very different from that of Uranus and 
presents questions that cannot be an- 
swered by UOP (15). Neptune’s moon sys- 
tem is dominated by Triton, a Kuiper Belt 
object that reconfigured the entire system 
when it was captured. Additionally, the 
heat balance of Neptune and Uranus dif- 
fers by an order of magnitude, potentially 
indicating substantial differences in inter- 
nal structure (14). Because of its greater 
distance from the Sun, Neptune is more 
challenging to reach. Technology develop- 
ment and focused mission studies should 
begin in this decade to prepare to explore 
this equally interesting planetary system. 
The space science community has waited 
more than 30 years to explore the ice gi- 
ants, and missions to them will benefit 
many generations to come. 
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lassical psychedelic compounds, 

which include lysergic acid diethyl- 

amide (LSD), mescaline, psilocybin, 

and N,N-dimethyltryptamine (DMT), 

are broadly defined by their ability to 

produce altered states of conscious- 
ness and mood. They activate the 5-hy- 
droxytryptamine (serotonin) 2A receptor 
(5-HT2AR), which can positively or nega- 
tively affect how an organism engages with 
its environment (1). Medically supervised 
psychedelic-assisted therapy may be effi- 
cacious for posttraumatic stress disorder, 
substance use disorders, and treatment- 
resistant depression (2-5). However, there 
are gaps in our understanding of the neu- 
robiological mechanisms that are engaged 
by psychedelic compounds, their therapeu- 
tic potential at scale, and whether their 
positive outcomes can be separated from 
undesirable effects (6, 7). On page 700 of 
this issue, Vargas et al. (8) reveal a poten- 
tially therapeutically relevant mechanism 
of action for DMT and psilocin (the active 
form of psilocybin) that involves 5-HT2AR, 
which, when activated intracellularly, pro- 


motes dendritic growth and increases the 
spine density of rat cortical neurons. 

DMT is endogenously synthesized in mam- 
mals from the essential amino acid L-trypto- 
phan and has been measured in the rat cortex 
at levels similar to those of other monoamine 
neurotransmitters such as serotonin (9). 
DMT is the main psychoactive component 
of ayahuasca, a potent hallucinogenic plant- 
based brew that has been consumed for thou- 
sands of years by indigenous people of South 
America for spiritual and healing ceremonies 
(10). Despite its long history of consumption 
and presence in the mammalian brain, the 
endogenous function of DMT is unknown 
at present. A key focus of Vargas et al. is the 
importance of how the chemical structures 
of DMT and the structurally similar psilocin 
permit them to easily pass through the cell 
membrane, unlike serotonin. 

5-HT2AR is expressed intracellularly on 
multiple organelles, including endosomes 
and the Golgi apparatus. Vargas et al. found 
that the chemical properties of serotonin 
and DMT produce altered signaling accord- 
ing to the cellular localization of 5-HT2ARs 
in cortical neurons to produce distinct ef- 
fects. Using cultured cells, they determined 


Psychedelics activate intracellular signaling 

Serotonin readily activates 5-hydroxytryptamine 2A receptors (5-HT2ARs) on the cell membrane, but its 
unmethylated amino group (red) restricts its membrane permeability. This functional group is methylated 
(red) in classical psychedelics such as N,N-dimethyltryptamine (DMT) and psilocin (produced from psilocybin), 
which increases membrane permeability. Activation of intracellular 5-HT2ARs by these psychedelics leads to 


sustained increases in dendrite growth and spine density. 
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fine trajectory options and determine spe- 
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the mass constraints and selection of in- 
struments. Evaluating other contributions 
is also of great importance. The European 
Space Agency (ESA) has done several stud- 
ies of ice giants missions and represents a 
community prepared to make essential sci- 
entific and technical contributions. 

As preparation begins for UOP, it is 
important to recognize that although 
Neptune is also an ice giant, its system 
is very different from that of Uranus and 
presents questions that cannot be an- 
swered by UOP (15). Neptune’s moon sys- 
tem is dominated by Triton, a Kuiper Belt 
object that reconfigured the entire system 
when it was captured. Additionally, the 
heat balance of Neptune and Uranus dif- 
fers by an order of magnitude, potentially 
indicating substantial differences in inter- 
nal structure (14). Because of its greater 
distance from the Sun, Neptune is more 
challenging to reach. Technology develop- 
ment and focused mission studies should 
begin in this decade to prepare to explore 
this equally interesting planetary system. 
The space science community has waited 
more than 30 years to explore the ice gi- 
ants, and missions to them will benefit 
many generations to come. 
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that intracellular receptors engaged by 
DMT are involved in rapidly enhancing 
structural neuroplasticity, specifically in- 
creased dendritic growth and spine density, 
relative to membrane-localized receptors 
(see the figure). Bestowing cortical neurons 
in vivo with serotonin transporters allowed 
serotonin to access the intracellular recep- 
tors, mimicking the changes in structural 
neuroplasticity that are observed when 
cells were treated with DMT. The relevance 
of this phenomenon to changes in mouse 
behavior was assessed using a forced swim 
test (FST), a widely used approach that is 
thought to have predictive value of antide- 
pressant effects in humans, although the 
actual clinical predictive validity is ques- 
tionable (17). Providing serotonin access 
to intracellular 5-HT2ARs reduced immo- 
bility in the FST, which is considered an 
antidepressant-like effect. Given that sero- 
tonin cannot normally access intracellular 
5-HT2ARs in cortical excitatory neurons 
owing to a lack of serotonin transporters, a 
role of endogenous DMT may be to engage 
the intracellular receptor pool and facilitate 
neuroplastic changes. Further assessment 
of the role of this mechanism in mediating 
circuit activity and resulting behaviors rel- 
evant to depression is necessary. 

The lifetime prevalence of depression is 
~20%, and it is a leading cause of disabil- 
ity worldwide. First-line treatments such as 
selective serotonin reuptake inhibitors are 
taken daily for weeks before therapeutic ef- 
fects are potentially observed and lead to 
sustained remission in only ~30% of cases; 
they also have side effects that affect patient 
adherence (12). This has led to a shift in the 
search for depression therapeutics in favor of 
rapid-acting compounds such as ketamine, 
which can result in sustained therapeutic 
effects for days or longer after a single dose 
(13). Similarly, recent clinical trials have sug- 
gested that DMT and psilocybin are rapidly 
efficacious in treating major depression, with 
psilocybin appearing to have sustained thera- 
peutic effects for weeks after treatment ses- 
sions that consist of a combination of psilo- 
cybin with supportive therapy (2, 3). 

Unfortunately, clinical trials with psyche- 
delics are commonly statistically underpow- 
ered and mostly do not represent common 
patient populations. Moreover, it is impos- 
sible to adequately include a placebo control 
given the profound effects that these com- 
pounds have on perception, which can eas- 
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ily unblind both study participants and ex- 
perimenters (6, 7). As a result, it is difficult to 
predict how the existing clinical findings will 
be extrapolated to a wider population. Thus, 
psychedelic-assisted therapy should be em- 
braced with cautious optimism; although the 
thousands of years of human psychedelic use 
and the positive outcomes of modern, though 
early stage, clinical trials point toward thera- 
peutic potential, scaling psychedelic use to 
potentially millions of people with depres- 
sion, for example, requires a careful and rig- 
orous scientific approach. 

The study conducted by Vargas et al. is a 
key achievement in the understanding of 
the mechanism of action of psychedelics. 
However, much needs to be done to affirm 
the sufficiency of signaling through intracel- 
lular 5-HT2ARs as mediators of the prop- 
erties in humans, either hallucinogenic or 
medical, and to determine whether positive 
therapeutic outcomes can be separated from 
the classical psychedelic properties of such 
drugs. This will require interrogation of the 
specific signaling cascades engaged by intra- 
cellular 5-HT2ARs that lead to increased den- 
dritic growth and spine density and defining 
the mechanistic relationship of such changes 
to cognitive processes. Moreover, under- 
standing whether the findings for DMT are 
fully shared with all psychedelics (such as the 
structurally dissimilar mescaline), which was 
only partially explored by Vargas et al., will 
be needed before the proposed mechanism 
can be described as a common psychedelic 
mechanism. Nevertheless, these findings are 
an important step forward for a rapidly ex- 
panding and much-needed field of study. 
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illions of animals living in open wa- 

ter, or pelagic habitats, can disappear 

into their surroundings using a vari- 

ety of light-manipulating camouflage 

solutions. These include transparent, 

antireflection, and glittery reflec- 
tive structures. Although such photonic 
camouflage allows these animals to vanish 
into their surroundings, they still need to 
eat (and avoid being eaten), which requires 
the ability to detect their invisible neigh- 
bors. Thus, an arms race exists between 
predators and prey for the ability to see and 
yet not be seen (J). Evolutionary tinkering 
across the diversity of pelagic animals has 
produced multiple solutions for controlling 
the transmission, reflection, and detection 
of light. On page 695 of this issue, Shavit 
et al. (2) report the discovery of photonic 
glass materials that form the basis of spar- 
kly “eyeglitter” in the larvae of pelagic crus- 
taceans and allows for both reflective cam- 
ouflage and vision. These findings present 
a mechanism for producing salient, tunable 
coloration and light manipulation in space- 
limited tissues. 

When peering into a bucket of seawater 
scooped from the ocean, the tiny animals and 
larvae that live in open water, or zooplank- 
ton, often can only be spotted by their pig- 
mented eyes. These black dots travel side by 
side through the water, giving no indication 
that they are part of a much larger creature. 
This is because the bodies of many crusta- 
cean zooplankton are almost as transparent 
as glass. This is achieved both through lack 
of pigmentation in most body tissues and by 
photonically minimizing the amount of light 
scattered or reflected from internal and ex- 
ternal structures. How internal structures 
such as muscles, organs, and blood become 
transparent is still an open investigation, al- 
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that intracellular receptors engaged by 
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creased dendritic growth and spine density, 
relative to membrane-localized receptors 
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cells were treated with DMT. The relevance 
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actual clinical predictive validity is ques- 
tionable (17). Providing serotonin access 
to intracellular 5-HT2ARs reduced immo- 
bility in the FST, which is considered an 
antidepressant-like effect. Given that sero- 
tonin cannot normally access intracellular 
5-HT2ARs in cortical excitatory neurons 
owing to a lack of serotonin transporters, a 
role of endogenous DMT may be to engage 
the intracellular receptor pool and facilitate 
neuroplastic changes. Further assessment 
of the role of this mechanism in mediating 
circuit activity and resulting behaviors rel- 
evant to depression is necessary. 

The lifetime prevalence of depression is 
~20%, and it is a leading cause of disabil- 
ity worldwide. First-line treatments such as 
selective serotonin reuptake inhibitors are 
taken daily for weeks before therapeutic ef- 
fects are potentially observed and lead to 
sustained remission in only ~30% of cases; 
they also have side effects that affect patient 
adherence (12). This has led to a shift in the 
search for depression therapeutics in favor of 
rapid-acting compounds such as ketamine, 
which can result in sustained therapeutic 
effects for days or longer after a single dose 
(13). Similarly, recent clinical trials have sug- 
gested that DMT and psilocybin are rapidly 
efficacious in treating major depression, with 
psilocybin appearing to have sustained thera- 
peutic effects for weeks after treatment ses- 
sions that consist of a combination of psilo- 
cybin with supportive therapy (2, 3). 

Unfortunately, clinical trials with psyche- 
delics are commonly statistically underpow- 
ered and mostly do not represent common 
patient populations. Moreover, it is impos- 
sible to adequately include a placebo control 
given the profound effects that these com- 
pounds have on perception, which can eas- 
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ily unblind both study participants and ex- 
perimenters (6, 7). As a result, it is difficult to 
predict how the existing clinical findings will 
be extrapolated to a wider population. Thus, 
psychedelic-assisted therapy should be em- 
braced with cautious optimism; although the 
thousands of years of human psychedelic use 
and the positive outcomes of modern, though 
early stage, clinical trials point toward thera- 
peutic potential, scaling psychedelic use to 
potentially millions of people with depres- 
sion, for example, requires a careful and rig- 
orous scientific approach. 

The study conducted by Vargas et al. is a 
key achievement in the understanding of 
the mechanism of action of psychedelics. 
However, much needs to be done to affirm 
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lular 5-HT2ARs as mediators of the prop- 
erties in humans, either hallucinogenic or 
medical, and to determine whether positive 
therapeutic outcomes can be separated from 
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be needed before the proposed mechanism 
can be described as a common psychedelic 
mechanism. Nevertheless, these findings are 
an important step forward for a rapidly ex- 
panding and much-needed field of study. 
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Photonic 
tinkering in the 
open ocean 


Light-manipulating 
materials are discovered 
in the eyeglitter of pelagic 
crustaceans 

By Kate Feller and Megan Porter 


illions of animals living in open wa- 

ter, or pelagic habitats, can disappear 

into their surroundings using a vari- 

ety of light-manipulating camouflage 

solutions. These include transparent, 

antireflection, and glittery reflec- 
tive structures. Although such photonic 
camouflage allows these animals to vanish 
into their surroundings, they still need to 
eat (and avoid being eaten), which requires 
the ability to detect their invisible neigh- 
bors. Thus, an arms race exists between 
predators and prey for the ability to see and 
yet not be seen (J). Evolutionary tinkering 
across the diversity of pelagic animals has 
produced multiple solutions for controlling 
the transmission, reflection, and detection 
of light. On page 695 of this issue, Shavit 
et al. (2) report the discovery of photonic 
glass materials that form the basis of spar- 
kly “eyeglitter” in the larvae of pelagic crus- 
taceans and allows for both reflective cam- 
ouflage and vision. These findings present 
a mechanism for producing salient, tunable 
coloration and light manipulation in space- 
limited tissues. 

When peering into a bucket of seawater 
scooped from the ocean, the tiny animals and 
larvae that live in open water, or zooplank- 
ton, often can only be spotted by their pig- 
mented eyes. These black dots travel side by 
side through the water, giving no indication 
that they are part of a much larger creature. 
This is because the bodies of many crusta- 
cean zooplankton are almost as transparent 
as glass. This is achieved both through lack 
of pigmentation in most body tissues and by 
photonically minimizing the amount of light 
scattered or reflected from internal and ex- 
ternal structures. How internal structures 
such as muscles, organs, and blood become 
transparent is still an open investigation, al- 
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though internal transparency is sometimes 
an actively maintained, physiological pro- 
cess. For example, a loss of transparency can 
occur after repeated activity or stress and be 
regained after a brief rest (3). 

In contrast to internal transparency, ex- 
ternal transparency of pelagic crustacean 
cuticles (exoskeleton surface) is achieved 
with static physical structures. Tiny bumps, 
or nanoprotuberances, covering the animal’s 
surfaces serve to minimize reflections or 
glare that would make them more noticeable. 
In just one group of pelagic arthropods, the 
hyperiid amphipods, up to four variations 
of these antireflecting structures have been 
identified (3). Because transparent camou- 
flage is under strong selection, convergent 
evolution has likely devised additional pho- 
tonic solutions that are yet to be described. 

Although it is an effective camouflage, to- 
tal body transparency is not possible in ani- 
mals that require vision. For eyes to properly 
detect a visual scene, the light-sensing cells 
must be isolated from one another by dark 
pigments. This explains why the eyes of crus- 
tacean zooplankton are so easy to spot when 
viewed in a bucket of seawater. Larvae of 
several groups of crustaceans have indepen- 
dently evolved a solution to this dilemma: re- 
flective camouflage. The dark bits of the eyes 
are enveloped with a sparkly eyeglitter—pho- 
tonic structures that reflect light matched to 
the color of the surrounding water (4). 

Shavit et al. delve into the chemical 
and structural basis of eyeglitter camou- 
flage in larvae of the freshwater shrimp 


Machrobrachium rosenbergi. They found 
a previously unknown type of compact, 
photonic glass formed by nanospheres in 
the eyeglitter structure that are smaller 
than the wavelengths of visible light (400 
to 750 nm). This newly discovered material 
is tunable and can reflect colors ranging 
from deep blue to yellow, depending on the 
camouflage needs of the animal at different 
depths and times of day. Even more intrigu- 
ing, they found that the glittery eyeshine of 
two additional groups of crustacean larvae 
(decapod crabs and stomatopods, or mantis 
shrimp) appear to arise from similar nano- 
sphere assemblies, although through the 
use of a different crystalline material that 
remains to be identified. This suggests that 
different lineages have evolved convergent 
mechanisms to cloak the dark retina from 
view. These discoveries highlight the vast 
potential of crustacean zooplankton for 
discovery of photonic materials that either 
reflect or transmit light in ways that can 
render objects invisible. 

In the game of open-ocean hide and seek, 
animals also possess eyes that are special- 
ized to meet their visual needs without 
compromising invisibility. In the study of 
Shavit et al., the same reflective structures 
in M. rosenbergi used for eyeshine may play 
an additional role in enhancing visual sen- 
sitivity in the dark or isolating photorecep- 
tors for improved resolution. Given their 
presence in other larvae, multifunctional 
reflective structures seem to be a common 
theme within such tiny eyes. For example, 


Photonic mechanisms in pelagic crustaceans 
Pelagic crustaceans such as this larval caridean shrimp, which swims 
upside down, possess a range of photonic strategies that facilitate survival 
in the open ocean. To render themselves invisible, these tiny animals 
camouflage themselves using various photonic mechanisms that 
manipulate light transmittance and reflectance. They also possess photonic 
and optical structures that optimize their vision and detect other, often 
invisible, animals in the pelagic habitat. Ultraviolet (UV) sensitivity, in 
particular, can be used to disrupt photonic mechanisms of camouflage. 


Multifunctional optics 
Visual acuity, sensitivity, 
and camouflage 


Reflected light 


Glittery eyeshine 


camouflage 
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UV vision 
Breaks transparent 
camouflage 


Transmitted light 
Transparent camouflage 


Antireflected light 
Transparent camouflage 
to avoid glare 


reflecting structures inside mantis shrimp 
larval photoreceptors filter light arriving at 
some photoreceptors, while reflecting light 
to enhance the sensitivity of other cells (5). 

Another emerging theme in the visual 
ecology of small, pelagic crustaceans is 
the prevalence of ultraviolet (UV) sensi- 
tivity. UV light scatters more than visible 
wavelengths, even in the most transparent 
tissues. Thus, this scattering can make an 
animal appear as a shadow against the back- 
ground of open water when viewed in the 
UV range, effectively breaking transparent 
or reflective camouflage (7). Although mo- 
lecular, physiological, and anatomical stud- 
ies of pelagic crustacean vision are still in 
their infancy, larvae of some mantis shrimp 
larvae (Neogonodactylus oerstedii) may take 
this invisibility-detecting strategy to the ex- 
treme because they have photoreceptors 
with the capability of detecting up to three 
distinct wavelengths of UV light (6). Further 
examination of open water crustacean visual 
systems may reveal innovative multifunc- 
tional optical solutions for both sensing and 
manipulating light, particularly UV wave- 
lengths (see the figure). 

Why are such exciting photonic discover- 
ies only being made now? The vastness of 
the pelagic realm, and the relatively sparse 
distribution of animals within it, makes this 
habitat difficult to access and sample effec- 
tively (2). Larval crustaceans are numerous 
and easier to collect than larger pelagic spe- 
cies, yet they remain understudied owing 
to an historic lack of descriptions that link 
larval stages to the adult form for identifi- 
cation. The development of DNA barcoding 
to molecularly identify crustacean larvae has 
allowed species level comparisons like never 
before, especially for the study of biologi- 
cal photonics (4-6). The diversity of optical 
solutions discovered in just a few recently 
investigated pelagic crustaceans spotlights 
the untapped potential for photonic innova- 
tion yet to be found in animals living in the 
open ocean. By mimicking nature’s solutions, 
humans can optimize and develop better 
photonic materials for solar energy, commu- 
nications, remote sensing, and other light- 
dependent technologies. Given the diverse 
applications of photonics, studies of how 
these minute creatures both hide and seek in 
the open ocean is a burgeoning resource of 
bioinspiration for human detection, control, 
and manipulation of light. & 
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C. David Allis (1951-2023) 


Champion of modern chromatin biology 


By Shelley L. Berger 


olecular biologist C. David Allis, 
whose discoveries ushered in a new 
era of epigenetics research, died on 
8 January. He was 71. Allis identified 
enzymes that chemically modify 
histones, transforming our under- 
standing of the chromatin fiber. Composed 
of DNA and histone proteins, chromatin was 
previously thought to be an inert structure, 
but Allis showed that it dynamically regulates 
DNA processes. He led this expanding field 
of research with electrifying discoveries, ex- 
tensive collaborations, inspiring mentorship, 
and a boundless passion for unearthing the 
biological impacts of histone biochemistry. 

Born in Cincinnati, Ohio, Allis graduated 
with a bachelor’s degree in biology in 1973 
from the University of Cincinnati. He initially 
planned to go to medical school but became 
enthralled with research during his senior 
year in Michael Bharier’s lab. Studying with 
Anthony Mahowald at Indiana University 
Bloomington, Allis attained his PhD in bi- 
ology in 1978. During postdoctoral studies 
with Martin Gorovsky, Allis was exposed 
to chromatin biology. He took academic 
positions at Baylor College of Medicine in 
Houston, Syracuse University, the University 
of Rochester, and the University of Virginia 
as the impact of his work on chromatin grew. 
Moving institutions suited Allis’s collabora- 
tive nature and his desire to seek out out- 
standing colleagues and trainees. In 2003, he 
was recruited to the Rockefeller University, 
where he remained for two decades. 

Allis focused on connecting chromatin 
biochemistry with cellular function. His 
early chromatin research centered on the 
rarely studied organism Tetrahymena, 
a protozoan with two separate nuclei. 
Focused on the acetylation modification 
of the amino acid lysine, Allis showed that 
acetylation had distinct patterns on lysines 
of the histones isolated from the two nu- 
clei, thereby linking histone modifications 
to divergent functional roles. 

However, identifying modifying enzymes 
was difficult. To overcome this obstacle, 
Allis’s lab invented a biochemical method 
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to track such enzymes. In 1996, he purified 
the first nuclear histone-modifying enzyme, 
an acetylating enzyme. Serendipitously, this 
enzyme was a known gene regulatory factor 
recruited to genes to turn on expression—a 
model my lab had proposed, hence, my initial 
connection with Allis. 

Meanwhile, another lab, led by Stuart 
Schreiber, discovered the first enzyme that 
erases acetylation, and it was a known gene 
repressor. These revelations deeply altered 
our understanding of DNA regulation in the 
nucleus. A model emerged: Gene activation 


(turning genes on) involves the association 
of a histone acetylation enzyme, and gene re- 
pression (turning genes off) involves histone 
deacetylation. Thus, the modern era of chro- 
matin biology was born, with Allis at the van- 
guard, fully appreciating the implications. 
Allis next turned his attention to his- 
tone methylation. In collaborative studies 
with Thomas Jenuwein, Allis uncovered 
the first methylation pathway, portended 
by findings in Drosophila. Certain mu- 
tants exhibit generation-to-generation eye 
color switching—a classic epigenetic-based 
toggle—and the new biochemical findings 
identified the methylation enzyme and the 
specific histone modification. Parallel to 
the earlier seminal findings of acetylation, 
this extension of histone modification to 
methylation spurred universal interest in his- 


tone biochemistry and chromatin function. 

During the 2000s, as his lab and others 
were uncovering new modifications and 
their cognate enzymes, Allis would flash 
his crooked grin as he illustrated the field’s 
progression with side-by-side pictures of an 
empty beach on the left and the same beach 
packed with midday crowds on the right. He 
thoroughly enjoyed the popularity and en- 
ergy of this vibrant field that was once static, 
like the early models of passive chromatin. In 
a culmination of the bountiful histone modi- 
fications, Allis and various collaborators 
proposed a combinatorial histone “code,” 
or language. He hypothesized that specific 
constellations of histone modifications sig- 
nal different processes on the DNA—a con- 
troversial but galvanizing concept that trig- 
gered a new wave of experiments. 

Throughout the 2010s, Allis continued 
with a steady stream of discoveries link- 
ing chromatin biology with disease, princi- 
pally cancer, because many of the enzymes 
mutate in tumors. Proving the importance 
of single histone modifications, others dis- 
covered mutations in histones at some of 
the critical lysine amino acids in certain 
brain cancers. Allis immediately turned his 
attention to these so-called oncohistone 
mutations, and his lab generated provoca- 
tive evidence that oncohistones were alter- 
ing the activity of their cognate enzymes, 
leading to broad disruption of cell growth 
in cancer. 

Allis was devoted to research and mentor- 
ship. He admired his own mentors’ ability to 
fashion a stimulating and fun environment, 
and those early experiences informed his 
mentoring style. He famously had a white- 
board in his office that was filled with color- 
ful writing documenting the intricacies of the 
histone tails and their enzyme “coders.” 

My lab group collaborated extensively with 
Allis, and we also worked in parallel tracks 
in those profoundly exciting early days. A 
disarming enthusiast, Allis proselytized the 
amazing properties of histones and deeply 
enjoyed the series of discoveries that fol- 
lowed. Phone calls with Allis to discuss col- 
laborations were replete with his illuminat- 
ing and passionate ideas. At conferences, 
when he described newly discovered histone 
enzymes and emerging paradigms, he would 
joyously exclaim, “Wow! I never expected 
that!” His talks made audience members 
wish they worked in his lab. 

Allis was elected to the National Academy 
of Sciences in 2005 and was the recipient of 
the Albert Lasker Basic Medical Research 
Award in 2018, among numerous other acco- 
lades. The world has lost a visionary scientist, 
a caring mentor, and a tremendous spokes- 
man for chromatin biology. & 
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POLICY FORUM 


ARTIFICIAL INTELLIGENCE 


Leveraging IP for Al governance 


Copyleft AI with Trusted Enforcement (CAITE) can support 
an adaptable soft law approach for ethics in Al 


By C.D. Schmit’, M. J. Doerr’, 
J. K. Wagner345678 


he rapidly evolving and expanding 
use of artificial intelligence (AD) in all 
aspects of daily life is outpacing regu- 
latory and policy efforts to guide its 
ethical use (7). Governmental inaction 
can be explained in part by the chal- 
lenges that AI poses to traditional regulatory 
approaches (7). We propose the adaptation of 
existing legal frameworks and mechanisms 
to create a new and nuanced system of en- 
forcement of ethics in AI models and training 
datasets. Our model leverages two radically 
different approaches to manage intellectual 
property (IP) rights. The first is copyleft li- 
censing, which is traditionally used to en- 
able widespread sharing of created content, 
including open-source software. The second 
is the “patent troll” model, which is often de- 
rided for suppressing technological develop- 
ment. Although diametric in isolation, these 
combined models enable the creation of a 
“troll for good” capable of enforcing the ethi- 
cal use of AI training datasets and models. 
The growing regulatory deficiency begets 
legitimate concerns that institutions are in- 
creasingly guilty of “blind reliance on AI,” a 
tool capable of becoming “a high-tech path- 
way to discrimination” (2). Concerning uses 
of AI are many, including its commercial 
and Big Tech use; its use in employment, 
policing, and medicine; and its bias and 
discrimination, negatively affecting com- 
munities worldwide (2, 3). Problems such 
as opacity, inaccuracy, inappropriate appli- 
cation, and lack of community engagement 
or meaningful consent are hallmarks of AI’s 
current application. Some in industry have 
gone as far as to implore for effective AI 
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regulation to curb the “existential threat” 
posed by unregulated AI (4). 

Although governments across the globe 
are wrestling with these issues, AI policy ef- 
forts have been slow to materialize. At least 
60 countries and territories have proposed at 
least 700 Al-focused policy initiatives (5). In 
the United States, 17 states introduced general 
AI bills or resolutions in 2021 (6), and at least 
164 bills mentioning AI have been introduced 
in the 117th Congress alone (for example, 
8.3035 Good AI Act of 2021, $.3175 Advancing 
American AI Innovation Act of 2021, and 
H.R. 3723 Consumer Safety Technology Act). 
Despite this flurry of legislative activity, many 
only convened task forces or commissions to 
study the use of AI and did not provide guid- 
ance for its use. The Blueprint for an AI Bill 
of Rights issued by the White House Office 
of Science and Technology Policy (OSTP) is 
a laudable development in the United States 
but ultimately a nonbinding white paper (3). 
And although the risk-based framework of 
the European Union’s proposed AI Act could 
become a de facto global approach, it has not 
yet been enacted (7). 

Traditional regulatory approaches face 
many challenges with AI: Technology has 


rapidly outpaced oversight, there is consid- 
erable unpredictability about future AI ap- 
plications, social values are dynamic, and 
anticipating future risks is challenging. After 
surveying the available governance options, 
Johnson and Bowman conclude, “AI will re- 
quire a flexible and responsive governance 
framework to maximize its capacity to re- 
spond to shifting risks and problems” [(J), p. 
72]. They argue that soft law approaches— 
such as nonbinding guidelines and recom- 
mendations, supported by multistakeholder 
bodies and transnational standards—provide 
the most promising institutions and instru- 
ments for near-term global AI governance 
capable of addressing these challenges. 

Ideally—and most daunting—AI gover- 
nance should maximize technological bene- 
fits while minimizing risks. Stone et al. argue 
“(rjather than ‘more’ or ‘stricter’ regulation, 
policies should be designed to encourage 
helpful innovation, generate and transfer ex- 
pertise, and foster broad corporate and civic 
responsibility for addressing critical societal 
issues raised by these technologies” [(8), p. 
42]. Traditional regulatory approaches (na- 
tional laws or international treaties) are of- 
ten too blunt, clumsy, and slow for this task. 
Increasingly, scholars have highlighted po- 
tential strengths of collaborative governance 
approaches (such as coregulation and re- 
sponsive regulation) (9). 


OBJECTIVE 

The laws currently applicable to AI are 
insufficient to impel ethical conduct (J). 
Increasingly outdated laws—such as data 
privacy laws—favor the most well-resourced 
actors who can leverage technical and legal 
personnel to understand and comply with— 


The CAITE governance model for ethical Al 

Under a copyleft license, all derivative works of the original objects are bound by the terms and conditions 
of the ethical use license. By pooling enforcement authority in a single entity, Copyleft Al with Trusted 
Enforcement (CAITE) can facilitate a system of rapid notice of potentially harmful artificial intelligence (Al) 
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or circumvent—legal obligations. Moreover, 
legal obligations that fail to address AI risks 
could leave many well-meaning AI develop- 
ers and users unaware of the potential harms 
to which their AI models cause or substan- 
tially contribute. 

Our proposal aims to promote adher- 
ence at scale while providing flexibility as 
the ethical principles that guide appropri- 
ate AI develop and evolve (10). Similarly, 
our model incorporates a self-reporting 
mechanism combined with a sentinel alert- 
ing system to incentivize rapid reporting 
of unanticipated ethical issues, highlight- 
ing specific, contextual ethical issues to AI 
developers, users, and others. Such moni- 
toring would instill confidence and trust in 
AI and clarify bases for good-faith AI use. 
Last, our proposal provides several mecha- 
nisms to allow an (eventually) self-sustain- 
ing system of enforcement and long-term 
governance. We call this model Copyleft AI 
with Trusted Enforcement (CAITE). 


Copyleft licensing 

Copyleft licensing is a way to facilitate shar- 
ing of copyrightable material under limited 
conditions. A creator who shares their work 
under a copyleft license allows anyone to use 
it to create derivative works as long as the 
new creations are subject to the same—or 
compatible—license as that of the original. 
For example, if the creator of X makes it 
available under a copyleft license, another 
person can use X to make X1, X2, and X3; 
however, X1, X2, and X3 must all be made 
available under the same license terms as 
the original work X. The capacity of copyleft 
licenses to permit derivative works to be li- 
censed under updated licenses that are com- 
patible with the original license and to phase 
out older license versions adds further flex- 
ibility to this system (17). Traditional copyleft 
approaches typically impose few use restric- 
tions, which are usually limited to attribu- 
tion or noncommerical use clauses. The new 
Responsible AI Licenses (RAIL) initiative, 
however, provides an example of efforts to 
use copyleft to ensure the ethical use of pro- 
tected works (12). However, these traditional 
copyleft applications have limited enforce- 
ment potential because individual creators 
must enforce their license, making enforce- 
ment atomistic and vulnerable to David ver- 
sus Goliath dynamics. 


Nonpracticing entities and patent trolls 

A nonpracticing entity is an organization 
that owns substantial IP rights but does 
not manufacture goods or otherwise com- 
mercialize their IP. Instead, a nonpractic- 
ing entity monetizes their IP rights through 
other activities, such as licensing. A “patent 
troll” is one type of nonpracticing entity 
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that enforces their IP rights through pri- 
vate legal actions. Patent trolls are widely 
criticized because they typically do not 
manufacture or invent things; instead, pat- 
ent trolls’ aggressive legal maneuvers can 
discourage technological progress through 
legal threats. For example, P is a patent troll 
that purchases all the patents from a bank- 
rupt technology company. P then sues an- 
other technology firm for allegedly using a 
technology covered by one of these patents 
without authorization. Nevertheless, patent 
trolls’ ability to subsist on these enforce- 
ment actions makes them a promising ve- 
hicle for ensuring that AI is used ethically. 


CAITE 

Our approach to the ethical governance of AI 
uses a copyleft approach to create an enforce- 
ment “troll,” leveraging an ethical use license 
defined by six core legal terms. 

(i) Terms describing restrictions and con- 
ditions that would permit only ethical use of 
an AI model or training dataset. For example, 
these terms could require the promotion of 
equitable outcomes, informed consent fidel- 
ity, independent ethical review of AI applica- 
tions, periodic algorithmic bias assessments, 
or public transparency. 

(ii) Terms requiring that any derivative 
product of the AI training dataset or AI 
model be subject to the prior license’s terms, 
including the ethical use limitations. 

(iii) Terms assigning enforcement rights to 
a designated entity. 

These terms accomplish two critical tasks. 
First, they create standards for ethical AI 
that perpetuate as licensed objects are re- 
used. This first function is similar to other 
efforts to use licensing to promote respon- 
sible AI (such as the RAIL initiative) (72). 
Second, these terms pool enforcement rights 
in a single trusted entity, the CAITE host (see 
the figure). This second function creates a 
troll-like nonpracticing entity that exists to 
enforce the terms of the ethical use licenses. 
Collectively, however, ethical use licenses can 
create a quasi-governmental regulator capa- 
ble of leveraging an aggregation of individual 
rights to further social objectives as a single 
and coherent regulator. 

The ethical use license underlying the 
CAITE model provides a flexible vehicle to 
enhance AI governance with additional li- 
cense terms. 

(iv) Terms requiring adherence to a spe- 
cific code of conduct. 

(v) Terms requiring developers to register 
licensed AI objects with the CAITE host. Such 
registration would have the dual function of 
notifying the host of their new designated 
enforcement authority and enabling the cre- 
ation of a library of AI objects available under 
ethical use licenses. 


(vi) Terms imposing a duty to report ethi- 
cal issues or violations of the code of conduct. 

These additional terms allow the CAITE 
host to act as a quasi-government regula- 
tor, identifying and removing dangerous 
AI objects from use and encouraging im- 
provements through transparent correc- 
tive action plans. The CAITE host could 
administer a system analogous to the Fast 
Track Product Recall Program of the US 
Consumer Product Safety Commission, 
which helps remove potentially hazardous 
products from the marketplace in a timely 
fashion (13). A similar recall mechanism for 
the CAITE host could be mutually beneficial 
for AI developers (by demonstrating bona 
fide corrective steps to avoid severe penal- 
ties) and regulatory agencies (by supple- 
menting existing oversight capacity). In 
this way, the CAITE model could become 
a mechanism for ensuring meaningful AI 
governance through community partner- 
ship to promptly and effectively identify 
problems, notify stakeholders, and establish 
a pathway for corrective action. 


THE CAITE HOST 

The implementation of CAITE hinges on a 
trusted entity fulfilling administrative and 
enforcement responsibilities. We propose a 
community-designated, nongovernment host 
composed of delegated proxies of AI devel- 
opers and users. The host could also include 
community members affected by AI applica- 
tions to deepen and sharpen the oversight fo- 
cus of the group and engender broader trust 
in CAITE as an oversight system. Notably, the 
CAITE host’s authority and long-term rele- 
vance depends on the ongoing voluntary use 
of licenses that assign enforcement rights to 
the host. Thus, there are inherent incentives 
within the CAITE system to ensure that the 
host is fulfilling the community’s needs for 
ethical oversight. Moreover, our model envi- 
sions the AI community as having a central 
role in working with the host to develop the 
code of conduct, revising ethical use licenses 
to meet evolving needs, and determining self- 
reporting norms upon discovery of any sub- 
stantial flaw, defect, bias, or other attribute 
conferring risk of harm. 


COMPLIANCE AND ENFORCEMENT 
TAILORED TO CONDUCT 

The CAITE model’s license approach en- 
ables substantial enforcement flexibility for 
a range of compliance issues and can ac- 
commodate different enforcement options. 
License terms can describe consequences 
for particular conduct or processes for 
conflict resolution (arbitration). Critically, 
license terms, enforced through the CAITE 
host, can also establish conditions for leni- 
ency, enable restorative justice remedies, 
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or define safe harbors from penalties. For 
example, the host could incentivize due 
diligence before release of AI objects and 
prompt self-reporting of issues by defining 
conditions for safe harbor from penalties. 
Similarly, the host can provide safe harbor 
to Al users and developers who act promptly 
in response to a notice of concern pertain- 
ing to one of their AI objects. The host could 
provide advisory opinions and guidance to 
communicate expectations and guide ethi- 
cal conduct within the AI community. These 
incentives could improve quality, safety, and 
effectiveness of AI and promote confidence 
and trust in AI. 

Conversely, if a user of an AI object sub- 
ject to an ethical use license subsequently 
does not adhere to the reporting require- 
ments or take reasonable, appropriate 
corrective actions once problems have 
been discovered, the host would have dis- 
cretion to act on penalty clauses included 
within the contract to compel compliance 
(for example, through court orders for 
monetary penalties and injunctive relief 
or settlements) and to report wrongdoing 
to government authorities able to enforce 
requirements that exist in law to protect 
consumers. Whistleblower protections and 
incentives (such as Qui Tam provisions) 
could also be leveraged to encourage those 
with knowledge of wrongdoing to come for- 
ward. Through these various enforcement 
options, the ethical use licenses’ assignment 
of enforcement rights enables the CAITE 
host to operate with case-by-case discretion 
as a traditional governmental enforcement 
agency might. 


POTENTIAL BENEFITS AND RISKS 

Benefits of the CAITE model are diverse 
and far reaching, especially in comparison 
with the current regulatory void. The CAITE 
model is agnostic; it can be designed to im- 
plement any ethical AI guidance or set of 
principles. Further, just as Creative Commons 
licenses periodically update to address new 
issues with new versions, so too could CAITE. 
Because this is a scalable, bottom-up gover- 
nance solution, the CAITE model is feasible 
for broad implementation and customizable 
for narrower, more specific contexts with 
particular, nuanced expectations for ethical 
conduct. Another benefit is that the CAITE 
model could nurture trust without excessive 
regulatory burdens. 

If implemented at scale, the CAITE model 
would have increased benefits. CAITE could 
reduce AI entry costs by making AI models 
and training datasets widely available—pro- 
vided that users comply with the ethical 
use license—which addresses a key barrier 
posed by traditional copyright protections 
(14). Moreover, an ever-increasing body of 
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ethical use license-bound AI objects could 
make it increasingly disadvantageous for 
entities to practically opt out of compliance 
because opting out would require recreating 
and re-engineering equivalent datasets and 
models. Additionally, CAITE could become 
self-sustaining through figurative and literal 
“buy in” from AI developers and users. For 
example, AI developers could, in exchange 
for a modest fee, market their objects with 
“certificates of conformity” or other symbolic 
indicators of their adherence or commit- 
ment to this governance framework. Users 
could gain confidence by relying on AI ob- 
jects with such “certificates of conformity” 
for a similar modest fee. These fees—com- 
bined with reinvestment of settlement funds 
or penalties collected after “enforcement” 
actions—could offset administrative costs of 
oversight. Notably, a potential risk or area of 
uncertainty with such a system is that if it is 
not carefully designed, it could have a chill- 
ing effect on the AI development ecosystem 
(for example, fear of punishment, or fees as 
barriers). Initiating the CAITE model will 
require seed funding for piloting and itera- 
tive improvements, including to assess self- 
sustaining design elements. 

Soft-governance approaches often supple- 
ment traditional government oversight. 
Frequently, government agencies use adher- 
ence to soft-governance rules when mak- 
ing enforcement discretion decisions, being 
more willing to “drop the hammer” on actors 
unwilling to conform with emergent ethical 
AI best practices and expectations for pro- 
fessional responsibilities. In this way, CAITE 
could enable collaborative governance ap- 
proaches such as coregulation and respon- 
sive regulation (9). For example, govern- 
ments could require or incentivize entities 
to opt in to the CAITE model through tradi- 
tional regulatory approaches in a coregula- 
tory approach. 

Ultimately, the CAITE model requires 
sufficient participation from the AI com- 
munity and industry to see real-world im- 
pact. We have outlined many incentives (or 
coregulatory mandates) that could be used 
to achieve sufficient participation. The con- 
sequences of inaction, however, underlie all 
this. Industry is not naive to existential risks 
posed by unregulated AI (2-4). Voluntary 
adoption of a community-driven, soft-law 
governance approach—such as CAITE—is 
likely preferable to industry members than 
the likely inevitable alternative: a blunt, 
inflexible, and stringent traditional regula- 
tory framework (1, 8, 9). 


DEVELOPING THIS VISION 

As others have highlighted for emerging 
biotechnologies (15), existing legal mecha- 
nisms provide a rich and diverse a la carte 


menu of possibilities for different self-regu- 
latory carrots and sticks to encourage ethi- 
cal adherence in AI, which otherwise exists 
in a regulatory lacuna. To realize CAITE’s 
potential, additional foundational research, 
and funding support for such research, 
is needed to advance our understanding 
of ethical AI standards, restorative justice 
practices in ethical AI, and detection or pre- 
diction mechanisms not only for unethical 
AI use but also harm from AI use. Moreover, 
a pilot implementation of this model would 
help to determine the required resources, 
enforcement costs, fees, penalties, and in- 
centives that would be necessary to meet 
sustainability goals. Such efforts should 
involve a diverse and _ interdisciplinary 
working group of subject matter experts, 
practitioners, and community members to 
address challenges to implementation; iter- 
atively examine, modify, and select features 
that could be integrated into the CAITE 
model; and synthesize, frame, and pilot 
CAITE with ready partners. 
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What we lose 


when it is never night 


A bat scientist laments the ecological effects of light pollution 


By Christopher Kemp 


ne summer midnight several years 
ago, standing outside a wooden 
cabin in Michigan’s Upper Peninsula, 
I looked up. It was a revelation. The 
sky was filled with thousands of stars. 
There were constellations I had never 
seen before, except in books. The spiral arm 
of our home galaxy, the Milky Way, unfurled 
across the sky. The sight of thousands of 
stars was almost enough to make me, a non- 
believer, offer a word of gratitude up into the 
star-filled sky. But to whom? Perhaps to Johan 
Ekl6f, author of The Darkness Manifesto. 

A bat scientist, Ekl6f works in the night 
shadows in Bollebygd in western Sweden. 
His work on bats requires a specific kind of 
darkness—the absolute kind, unpolluted by 
light. But this category of darkness is threat- 
ened. In the 1980s, Ekl6f tells readers, two- 
thirds of the churches in Sweden’s southwest 
housed bat colonies. Not any longer. “Today, 
forty years later, research I’ve done with my 
colleagues shows that this number has been 
reduced by a third due to light pollution and 
other factors. Because the churches all glow 
like carnivals in the night,” he writes. “We are 
blasting ourselves with light.” 

We have all noticed it when driving 
through a city—any city—at night. Empty 
places are floodlit. Sometimes, on a quiet 
night, you can even hear the light. How 
bright must light be to hear the processes 
that make it? 
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Inhabitants of Hong Kong live beneath 
a night sky that is 1200 times brighter than 
an unlit sky. Citizens of some large cities, 
writes Ekl6f, have never allowed their eyes 
to adapt to true night vision (it takes half an 
hour of complete darkness for our eyes to 
make the shift). We are only now beginning 
to understand the effects of all this light. 

A third of vertebrates and two-thirds of 
invertebrates are nocturnal. Excess light is 
incredibly destructive to the complex eco- 
systems these animals inhabit. It scares 
away the bats that Ekl6f studies. It stuns 
light-sensitive moths, leaving them vulner- 
able to predation or flying endlessly into 
porch lights that will never return their 
love. Newly hatched turtles crawl 
away from the shoreline toward 
the lights of distant coastal cities, 
corals no longer mate on sched- 
ule, reef fish eggs go unhatched. 
Birds do not migrate on time— 
they forget to even sing. Modern 
advancements such as LED lights 
could significantly reduce some 
of the worst impacts, but they 
have not. At least, not yet. 

Ekl6f’s excellent book covers 
a lot of ground. It shaped and 
sharpened my thinking on a sub- 
ject I knew I was supposed to feel some- 
thing about. In the week after I read it, I 
found myself saying, again and again, at 
the dinner table (six bulbs above it where 
one would suffice), “Yes, children, but did 
you know...?” I can think of no better praise 
than that. 

It is worth mentioning that middle-aged 
white male writers like Ekl6f can advocate 
for a darker world—for darkened cam- 
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Artificial light illuminates the skies above Geneva, 
Switzerland, on 24 September 2019. 


puses and unlit parking lots. And middle- 
aged white male book reviewers can agree 
with him. But darkness is not safe for ev- 
eryone. We need to address the social is- 
sues that make lighted places so appealing 
in the first place. 

The bottom line: We can change if we 
want to. Parts of Denmark have been des- 
ignated “Dark Sky Communities.” In 2019, 
France passed legislation limiting how 
much light can be emitted into the sky. In 
Vienna, Austria, the city’s lights are turned 
off at 11 p.m. In contrast, China has an- 
nounced plans to launch several 
moonlike satellites that will re- 
flect the Sun’s light after dark. 
These new moons will bathe cit- 
ies in even more light. 

Some of the solutions to light 
pollution—motion-detecting 
lights, shielded lights that do 
not reflect light upward, artifi- 
cial light with wavelengths that 
mimic natural light—are already 
within our grasp, if we just reach 
for them. “We could just turn it all 
off, but I guess we don’t want to,” 
said Ekl6f in a recent interview. “So it’s vital 
we find a middle way.” 

Right now, it is hard to know what that 
middle way might look like. In 50 years, 
every city could be lit by an array of pro- 
grammed and environmentally low-impact 
LED lights, or we might have completely 
forgotten what darkness is—the sky filled 
with little moons. 
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Science and its stakeholders 


Patients’ families became research partners 
in a quest to understand a rare genetic disease 


By Christi J. Guerrini 


or centuries, science was largely con- 

ducted by amateurs with an interest in 

a topic and ample time and means to 

study it. Beginning in the late 1800s, 

however, rigorous academic programs 

and professional standards and guide- 
lines were established that expanded scien- 
tific knowledge production while limiting 
participation in it. The problem, writes Pu- 
litzer Prize-winning journalist Amy Dockser 
Marcus in We the Scientists, is that these 
efforts “eventually went too far”: Scientists 
became separated from people with personal 
connections to the problems under investi- 
gation, and these people’s interests 
became secondary to other agen- 
das pursued behind closed doors. 
The book describes what happens 
when nonscientists convince sci- 
entists to let them back in. 

An absorbing narrative span- 
ning 10 years, We the Scientists 
follows a group of US-based 
parents as they race to save the 
lives of their children diagnosed 
with Niemann-Pick disease type 
C (NPC). NPC is a rare genetic 
condition characterized by the 
inability to transport cholesterol 
inside cells, which causes neuro- 
logical problems that are even- 
tually fatal, usually between the 
ages of 10 and 25. 

The gene responsible for most 
cases of NPC was identified in the 
1990s. However, there is no cure 
or treatment approved for the disease. This 
is in part due to its rarity; the small market 
makes it difficult for companies to justify in- 
vesting the substantial resources needed to 
develop, test, and obtain approval for novel 
interventions. In addition, the symptoms 
and progression of NPC can vary consider- 
ably from person to person, making it dif- 
ficult to identify outcomes one might mea- 
sure to demonstrate a treatment’s efficacy. 

Whereas the conventional approach to 
drug development is to sideline patients un- 
til the clinical trial stage, Dockser Marcus 
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recounts how a handful of NPC families and 
researchers partnered at the beginning of 
the process to identify drug leads for further 
study and eventual development. Described 
as “a remarkable social experiment,” the 
partnership was founded on the belief that 
the parents’ involvement as equals would 
bring a needed sense of urgency and focus 
as well as a valuable and complementary 
expertise to the process. 

The partnership launched in 2007 when 
more than a dozen parents and leading sci- 
entists on NPC convened at the National 
Institutes of Health (NIH) at the invitation 
of Chris Austin, an NIH scientist who had 
built a robotic system to screen pharma- 


The Hempels partnered with researchers to help their daughters, Addi and Cassi. 


ceutical compounds for therapeutic poten- 
tial. At the meeting, the group decided to 
use the system to test thousands of drugs 
on tissue samples from NPC patients with 
the goal of generating leads and testing 
the most promising ones in clinical trials 
within 5 years—a major compression of the 
usual drug development timeline. 

A conflict eventually arose over how to 
move forward with one promising drug, 
cyclodextrin. When the scientists were 
slow to test it in a clinical trial because of 
safety concerns, some families took mat- 
ters into their own hands and obtained 
permission from the US Food and Drug 
Administration (FDA) to try the drug by 
way of compassionate use requests, a move 
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that risked the success of future trials and 
eventual FDA approval. The families also 
confronted the FDA about the value of 
real-world observations and experiences 
in an effort to secure approval of a differ- 
ent drug. Their efforts raise fundamental 
questions about what counts as scientific 
evidence, how much risk is too much to 
bear and who gets to decide this, and how 
to navigate the life-and-death interests of 
current versus future patients. 

Frustration is a major theme through- 
out the book. For both patients with NPC 
and those caring for them, managing 
symptoms can feel like a never-ending 
game of medical whack-a-mole. Navigating 
regulatory systems that are in- 
herently slow and not designed 
for patient engagement is no less 
frustrating. The same, too, with 
reconciling the different primary 
commitments of stakeholders 
and ensuring that all data col- 
lected in the care of NPC patients 
are put to use. 

Still, Dockser Marcus is care- 
ful not to cast any person, entity, 
or industry as the bad guy in this 
story. Acts of kindness are em- 
phasized. There is the research- 
er’s spouse who bakes chocolate 
chip cookies for a young patient 
every time he travels to the NIH 
for cyclodextrin transfusions. 
There is the pharmaceutical ex- 
ecutive who, after learning of a 
family’s blog post pleading for 
access to proprietary data to sup- 
port a compassionate use request, wakes 
them with a phone call offering to help. 
(Access is provided within days.) There is 
the FDA official who takes seriously the 
mother determined to obtain an orphan 
drug designation for cyclodextrin—and 
does not blink when she submits the appli- 
cation in a pink binder, her sick daughters’ 
favorite color. (The designation is approved 
3 months later.) 

Through details of perseverance, courage, 
and grace, frustration is ultimately eclipsed 
in We the Scientists by another theme. It is 
the name for the NIH drug discovery robots 
proposed by one of the parents: Hope. 
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Farming in arid areas 
depletes China’s water 


In recent years, agriculture in China’s arid 
areas has developed rapidly (J). The addi- 
tional crops have improved China’s food 
security (2), but they also require irrigation, 
increasing water consumption (3) and exac- 
erbating water shortages. Therefore, China 
must urgently address water security in its 
arid regions. 

From 2000 to 2021, agricultural water 
consumption accounted for more than 80% 
of total water consumption each year in 
China’s arid areas, and agricultural water 
consumption increased by 1.47 billion m? 
during that time (4). Groundwater, the main 
water source for agricultural production in 
these regions (5), decreased by more than 
11.08 billion m? (4), resulting in large-scale 
aquifer depletion (5). Irrigation water con- 
sumption per unit area of cropland in arid 
areas is about five times the national aver- 
age, but the yield produced per unit of irri- 
gation water use on cultivated land is only 
15% of the national average (6), indicating 
that the benefits of farming do not outweigh 
the risks to water security in dry climates. 
Furthermore, global climate change and 
extreme drought events in arid areas inten- 
sify water shortages (7). 

To alleviate water resource pressure, 
China should limit agricultural expan- 
sion and irrigation that depends on 
groundwater in arid areas (8). Water 
resources should be regulated through 
pricing—higher water prices will incentiv- 
ize farmers to save water and optimize 
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the planting area of different crops. In 
addition, China’s arid regions should 
import agricultural products that require 
high water consumption from areas with 
abundant water resources to reduce the 
need for local planting (9). Given the 
geographic differences in China’s arid 
areas, the government should guide farm- 
ers to choose crops based on regional 
heterogeneity and promote new varieties 
of drought-tolerant crops. Finally, China 
should establish sustainable agricultural 
irrigation water-saving systems (J0) such 
as precision irrigation technology to 
improve irrigation water use efficiency. 
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A shift to English in 
Algerian education 


In September, Algeria will change the 
language used in higher education from 
French to English (2). If successful, the new 
policy could facilitate access to English lit- 
erature and promote international exchange 
and collaboration. However, Algeria’s plan 
to implement the change immediately will 
undermine its benefits. 

In Algeria, primary and secondary 
education are taught in Arabic with some 
linguistic courses in French and English 
(2). Historically and culturally, Algeria has 
been more closely tied to France than to any 
English-speaking country (3). As a result, 
French fluency is common (4), whereas 
English proficiency is limited. In 2022, 
Education First ranked Algeria 78 out of 111 
countries in English proficiency (5). 

Switching to English will likely decrease 
the quality of teaching, evaluation, and 
learning (6), reducing the efficiency of grad- 
uated students in the workforce. Students 
will experience more frustration and anxi- 
ety (7) and will require more time to finish 
writing assignments, including theses (8). 
Professors may find learning English chal- 
lenging and look for other jobs as a result. 

The change will also disrupt established 
programs. The demography of international 
students, who have typically come from 
French-speaking African countries, will 
change, affecting historical strategic part- 
nerships. Updating libraries with English 
versions of the French and Arabic textbooks 
that have been accumulated over decades 
will require substantial financial, logistical, 
and staff resources, which could otherwise 
be directed toward research or equipment. 

Intensive English training for profes- 
sors (9) started in December 2022, but less 
than a year of language courses will likely 
be insufficient to ensure effective teaching 
when the policy takes effect. No training 
will be provided to students. As a result, 
private English training will likely increase, 
deepening the gap between students from 
low- and high-income families (JO). 

Before full implementation of the lan- 
guage policy change at the national level, 
pilot studies should be conducted. For 
example, select universities could imple- 
ment a gradual shift to English course- 
work. Institutions could continue to teach 
undergraduate courses in French or Arabic, 
and intense mandatory training in English 
could be added to the requirements. After 
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at least 2 years of English study, students 
could switch to a partial or a full course 
load in English. Throughout the process, 
evaluations could determine the effects of 
the program on students, professors, and 
staff, as well as the resources needed to 
provide materials and support. 

Shifting higher education to English 
could have benefits in the long term. 
However, the change should be informed 
by both pilot studies and the experiences 
of other countries. Rwanda made a similar 
language transition 15 years ago (11) and 
both teachers and students in Rwanda’s 
universities continue to face challenges 
(12). Algeria should implement the lan- 
guage shift gradually to minimize disrup- 
tion to its education system. 
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Ethical and legal 
wastewater surveillance 


As researchers on molecular methods of 
wastewater analysis (J, 2), we agree with 
J. I. Levy et al. (“Wastewater surveillance 
for public health,” Perspectives, 6 January, 
p. 26) that community-level monitoring 
can be an efficient way of detecting new 
outbreaks of disease and activating or 
prioritizing local public health actions. 
This approach to monitoring also serves 
to assess the effectiveness of mitigation 
and includes communities with mini- 
mal individual testing. However, Levy 
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et al. say little about the ethical or legal 
considerations that must be considered 
when expanding wastewater surveillance 
to new targets or communities. Although 
wastewater monitoring itself is not new, 
recent pandemic-stimulated growth in 
monitoring infrastructure and personnel, 
technological innovations, and proposals 
for wider application have made the need 
for ethical review and oversight urgent. 
Given that interest in and applications of 
wastewater surveillance continue to grow, 
the scientific community and government 
officials have an obligation to use the 
technology ethically and legally, ensuring 
that personal data remains private and 
vulnerable groups are protected (2, 3). 

When deciding which pathogens (or 
other targets) and sewersheds to surveil, 
researchers and public health officials must 
minimize the possibility of stigmatizing 
communities identified as suffering from 
an outbreak. In addition, they must commit 
to making use of actionable information 
for public health purposes. Furthermore, 
policymakers must ensure that wastewater 
surveillance infrastructure and data are not 
used for other types of surveillance without 
appropriate deliberation and transparency. 
For example, guardrails should be put in 
place to prevent wastewater surveillance 
infrastructure and data from being shared 
with law enforcement (3). 

Wastewater monitoring typically pre- 
serves individual anonymity, but reports of 
infections among groups has the potential to 
stigmatize entire neighborhoods or cultural 
groups (4, 5). In one case, COVID-19 dormi- 
tory wastewater monitoring led to a testing 
requirement (6). Is detection in a neighbor- 
hood sufficient cause to test all individuals 
in the sewershed? 

Such questions must be answered before 
wastewater surveillance expands further. As 
Levy et al. observe, wastewater can identify 
more than just infectious diseases. Indeed, 
government-sponsored wastewater surveil- 
lance projects are already underway or in 
the research stage to monitor wastewater 
for opioids and cannabinoids (7), stress 
hormones (a proxy measure of community 
mental health) (8), and asthma medica- 
tions (9). A private company selling waste- 
water surveillance services has indicated 
that it has monitored wastewater for meat 
products at a school with a strict vegetar- 
ian policy (0). 

Researchers, policymakers, and regula- 
tors must work together to develop and 
plan the wastewater monitoring cam- 
paigns of the future. Policies must include 
plans for the ethical application of the 
data, criteria for their continuation or ter- 
mination, and restrictions on additional 


applications to which the established 
infrastructure and data can be applied. 
Regulations should also be put in place to 
control the use of wastewater surveillance 
in the private sector. 
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Comment on “Sexual selection promotes giraffoid 
head-neck evolution and ecological adaptation” 


Sukuan Hou, Qingin Shi, Michael J. Benton, 
Nikos Solounias 

Wang et al. (Research Articles, 3 June 
2022, eabl8316) reported an early Miocene 
giraffoid that exhibited fierce head-butting 
behavior and concluded that sexual 
selection promoted head-neck evolution 

in giraffoids. However, we argue that this 
ruminant is not a giraffoid and thus that the 
hypothesis that sexual selection promoted 
giraffoid head-neck evolution is not suf- 
ficiently supported. 

Full text: dx.doi.org/10.1126/science.add9559 


Response to comment on “Sexual selection 
promotes giraffoid head-neck evolution and 
ecological adaptation” 


Shi-Qi Wang, Jin Meng, Bastien Mennecart, 

Loic Costeur, Jie Ye, Chunxiao Li, Chi Zhang, 

Ji Zhang, Manuela Aiglstorfer, Yang Wang, 

Yan Wu, Wen-Yu Wu, Tao Deng 

Hou et al. challenged the giraffoid affinity of 
Discokeryx and its ecology and behavior. In 
our response we reiterate that Discokeryx 
is a giraffoid that, along with Giraffa, shows 
extreme evolution of head-neck mor- 
phologies that were presumably shaped by 
selective pressure from sexual competition 
and marginal environments. 

Full text: dx.doi.org/10.1126/science.ade3392 
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Precision immunotherapy 


A mechanistic approach to overcoming treatment 


resistance reveals new targets 


By Aleksandar Obradovic 


n the past decade, cancer treatment has 

been revolutionized by the rise of check- 

point inhibitor immunotherapies. Tradi- 

tional approaches to treating cancer have 

been focused on developing an increas- 

ingly sophisticated arsenal of drugs that 
are targeted against various mechanisms of 
tumor cell growth. With immunotherapy, 
the capacity of the human immune system 
to recognize self and nonself has been har- 
nessed to activate the antitumor immune 
response in a way that can be broadly ap- 
plied across many tumor types, regardless 
of their growth mechanisms (1). Nonethe- 
less, many patients remain nonresponsive 
to immunotherapy and reliable predictors of 
therapy failure are lacking (J, 2), which have 
motivated a shotgun approach to improving 
outcomes. At present, hundreds of clinical 
trials attempt to combine immunotherapy 
with other treatments and boost its efficacy, 
with mixed results. In my research, I focus 
on a more systematic approach for both dis- 
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covering the cell-cell interactions involved in 
immunotherapy resistance within different 
tumor types and identifying candidate thera- 
pies to overcome treatment resistance. 

My approach hinges on the fact that 
all therapies are, to some extent, immune 
therapies that exert often incompletely un- 
derstood or off-target effects on a patient’s 
immune cells in addition to the intended 
effect on tumor cells. This realization has 
critical implications for the combination 
of existing drugs with checkpoint inhibi- 
tors, and an understanding of these effects 
may be harnessed to prioritize the testing of 
synergistic combinations. For example, my 
colleagues and I have shown that androgen- 
deprivation therapy for the treatment of 
prostate cancer induces a transient CD8 T 
cell infiltrate in what is otherwise thought to 
be an “immune-cold” tumor, which is rapidly 
counteracted by a corresponding regulatory 
T cell (T,,,) infiltrate (3). This finding has 
spurred neoadjuvant trials of combination 
androgen-deprivation plus immunotherapy, 
with encouraging initial results (4). A deeper 
understanding of the effects that both immu- 
notherapy and conventional therapies exert 
on the immune microenvironment will en- 
able more precise and rational combinations 
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GeoMx Digital Spatial Profiler imaging of a human 
head and neck squamous cell carcinoma section from 
a patient treated with anti-PD-1 immunotherapy. 


of complementary drugs in patients who are 
nonresponsive to current treatments. 

The development of high-throughput 
single-cell RNA sequencing technology has 
opened an unprecedented window into the 
tumor microenvironment (5). Yet, a limited 
number of RNA molecules are available to 
capture from a single cell such that more 
than 90% of genes “drop out” in any given 
cell, which is particularly problematic for 
transcriptional regulators of cell state and 
signaling molecules that tend to have high 
biological relevance but low expression (6, 
7). To address this issue, my colleagues and 
I have developed a protein activity infer- 
ence approach for identifying drivers of cell 
state in single-cell data upstream of noisy 
gene expression. This approach hinges on 
two algorithms: the Algorithm for the Re- 
construction of Accurate Cellular Networks 
(ARACNe) and Virtual Inference of Pro- 
tein activity by Enriched Regulon analysis 
(VIPER) (5, 8, 9). ARACNe uses mutual in- 
formation between genes at the expression 
level to build and prune gene regulatory 
networks, such that each transcription fac- 
tor and signaling protein has an inferred 
“regulon” of downstream targets (9). VIPER 
can then be used to infer protein activity as 
the normalized enrichment of each regulon 
in each single cell. 

Because ARACNe infers many down- 
stream targets for each protein, VIPER is 
less sensitive to gene dropout, is less affected 
by transcriptional noise, and correlates more 
robustly with measured protein abundance, 
comparable with and (for some proteins) bet- 
ter than flow cytometry (6, 7). VIPER can be 
leveraged to rapidly match unfavorable cell 
states to candidate therapeutics by identify- 
ing the subset of active “druggable” proteins 
as well as cell-by-cell drug sensitivities that 
are inferred from a paired database of pro- 
tein activity changes in response to an array 
of hundreds of cancer drugs across dozens of 
tumor cell lines (10). Using a broad systems 
biology approach that leverages protein ac- 
tivity inference, I have been able to discover 
that different immune and nonimmune cell 
clusters associate with outcome in different 
tumor types, such that protein activity mark- 
ers of these populations can serve not only 
as biomarkers for treatment prioritization 
but also as targets in combination with im- 
munotherapy to potentially sensitize nonre- 
sponders and improve outcomes in future 
clinical trials. This analysis pipeline repre- 
sents a substantial improvement on previous 
approaches to the analysis of single-cell data 
and has yielded actionable therapy targets 
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across a broad range of tumor and cell types 
(4, 6, 10, 11). 

By applying these tools systematically, 
I identified cell subpopulations that are 
associated with clinical outcomes in dif- 
ferent tumor types: (i) a population of 
Clq*TREM2*APOE* macrophages that are 
associated with postsurgical tumor recur- 
rence in clear cell renal carcinoma (6), 
which may risk-stratify patients for priori- 
tization of more aggressive up-front treat- 
ment; and (ii) a subpopulation of fibro- 
blasts that are associated with improved 
response to immunotherapy in head and 
neck squamous cell carcinoma, which 
are both prognostic and found to directly 


modulate T cell function ex vivo in a con- 
tact-dependent manner (12). Most notably, 
analyses have shown tumor-specific T,,.,, to 
be a mechanism of immunotherapy resis- 
tance that is shared across a broad range 
of tumor types (6, 11), with T,,,-specific 
regulators of tumor-infiltration being iden- 
tifiable by VIPER (17). A high-throughput 
drug screening approach has allowed rapid 
identification and repurposing of US Food 
and Drug Administration-approved drugs 
with beneficial off-target effects on the T,,, 
transcriptional profile, which has resulted 
in reduced tumor infiltration (17). Gem- 
citabine was identified by this approach as 
a drug that at very low doses differentially 
depletes tumor-infiltrating T,,,, but not 
proinflammatory T cells, which improves 
response rates to anti-programmed cell 
death protein 1 (PD-1) checkpoint immuno- 
therapy (71). As we have observed, different 
cancers have different populations of cells 
that drive therapy response and resistance, 
and this approach to drug prioritization 
may be readily extended in future work to 
target other immunosuppressive cell popu- 
lations for clinical development and trials. 

Taken together, the analytical and experi- 
mental tools that make up my research rep- 
resent an opportunity to tailor future immu- 
notherapies at the single-cell level. This can 
be extended even beyond cancer treatment 
to identify drugs with complementary im- 
mune effects across any number of medical 
contexts, for example, to suppress alloim- 
mune organ transplant rejection, inhibit au- 
toimmune disease, or prioritize adjuvants to 
improve the efficacy of vaccines. These ben- 
efits all result from leveraging protein activ- 
ity inference and drug sensitivity prediction 
algorithms to deepen our understanding of 
treatment effects on recruitment and activa- 
tion of critical immune cell phenotypes. By 
mechanistically selecting optimal combina- 
tions of drugs to overcome treatment resis- 
tance, one may begin to approach true pre- 
cision immunotherapy: disease by disease, 
and patient by patient. 
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Decoding foreign antigen 


tolerance 


Cell atlases of human tolerogenic milieus guide 
transformative immunotherapies 


By Roser Vento-Tormo! 


he ability to distinguish between self 

and nonself is a fundamental func- 

tion of the immune system. Yet, in 

a few special situations, nonself an- 

tigens must be safely harbored in 

the body. This phenomenon of im- 
munotolerance is crucial for the placenta, 
where the fetal genome is safe from attack 
by the maternal immune system. It is also 
relevant in the testis, where the synthesis 
of meiosis-associated neoantigens occurs 
during puberty after the establishment of 
self-tolerance. 

Immunotolerance in the placenta and 
testis is achieved through a complex and 
still poorly understood regulation of im- 
mune cells and their signaling. Insights 
gained into this process are particularly 
crucial for immunotherapies, where the pa- 
tient’s immune cells are used to fight cancer 
cells. Immunotherapy is often complicated 
by tolerogenic mechanisms present in the 
tumor microenvironment, which lead to im- 
mune evasion or the failure of engineered 
cells to access the tumor tissue. By under- 
standing the complex immunoregulatory 
processes that modulate immune cell activ- 
ity within the tissue microenvironment, it 
is possible to guide the precision engineer- 
ing of immune cells tailored to avoid tumor 
immunotolerance. 

To study the process of immunoregula- 
tion, scientists have traditionally relied on 
model organisms, such as mice. However, 
various human-specific features as well as 
the complexity of the immunoregulatory 
microenvironments are not reflected in 
mouse models. In my laboratory, we take 
a conceptually distinct approach: We ex- 
amine the formation of physiological im- 
munoregulatory environments in human 
tissues to understand how tolerance is es- 
tablished in situ. We then use advanced in 
vitro models to mechanistically dissect the 
processes that we discover, with the goal 
of engineering cells that can overcome the 
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immunoregulatory barriers of the tumor 
microenvironment. 

The use of human tissues comes with its 
own set of challenges, not least the scarcity 
of the material. To make the most out of 
the precious material, we first use single- 
cell genomics to obtain a “parts list” of the 
full spectrum of immune cell types in a tis- 
sue through gene expression profiles (7). To 
understand how cell types fit within their 
tissue microenvironments and interact with 
other cells, we are aided by a more recent 
tool—spatial transcriptomics (2). This tech- 
nology enables the assignment of spatial 
coordinates to cells in tissues, which is es- 
sential to reconstruct tissue architecture 
and define cellular neighborhoods. 

This single-cell toolbox provides a sys- 
tems-level view of the immune system; 
however, to move toward an integrated vi- 
sion of the immunoregulatory environment, 
there is a need to better understand cell- 
cell communication. I have taken a com- 
putational approach and developed a tool 
called CellPhoneDB that allows inference of 
cell communication (3). CellPhoneDB uses 
single-cell data to measure the number of 
ligands and receptors expressed in spatially 
adjacent positions in the tissue and reads 
out signaling activity from transcriptomic 
signatures. This tool has been widely used 
by the immunology community to recon- 
struct the dynamic processes of the im- 
mune system from relatively static datasets. 

Ihave applied these single-cell experimen- 
tal and computational approaches to study 
the human placenta (4) and, more recently, 
the developing testis (5) and have provided 
insights into how their immunotolerant en- 
vironments are established. In the develop- 
ing testes, two specific populations of fetal 
testicular macrophages (TREM2* ftMs and 
SIGLECI5* ftMs) that are likely to play a 
key role in shaping the immunoregulatory 
landscape have been defined. TREM2* ftMs 
resemble microglia—specialized macro- 
phages that were thought to be restricted to 
the central nervous system. Unexpectedly, 
we found TREM2* ftMs inside the testicu- 
lar cords—closed structures where gametes 
develop, which were thought to not have 
immune cells. When interactions with the 
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surrounding microenvironment were quan- 
tified, we found that TREM2* ftMs are likely 
to oversee the removal of damaged cells and 
minimization of inflammation in the testis. 
SIGLECI5* ftMs closely resemble osteoclasts 
(macrophages found in the bone) and may 
aid in the endothelial remodeling charac- 
teristic of fetal testis development while 
dampening the associated inflammatory 
immune response triggered by this process. 
We are currently analyzing various cancer 
cell atlases to look for the presence of these 
cells and their transcriptomic programs in 
the context of cancer. 

It is possible that the signatures of im- 
munotolerance that have been defined in 
physiological contexts [e.g., the presence 
of known immunoregulatory molecules in 
ftMs (e.g., ENTPD1, LGALS9, TIM3, etc.)] 
will also explain cancer immunotolerance 
and thus help guide new immunotherapies. 
As the molecular mechanisms of tolerance 
in the human physiological context begin 
to be uncovered, there remains the ques- 
tion of how best to take advantage of this 
knowledge to drive future clinical advances. 
One of the key challenges in the field is the 
successful design of specific immune cell 
types in vitro. Such cells can be used either 
as research reagents and tools for modeling 
disease or be transplanted back into the pa- 
tient to perform a particular function (e.g., 
killing tumor cells in immunotherapy). 

The rich developmental maps that we 
and others have generated as part of the 
Human Developmental Cell Atlas (6) offer 
a transformative opportunity to inform pro- 
tocols to differentiate human induced plu- 
ripotent stem cells (hiPSCs) into a variety of 
immune cells. These protocols allow us to 
generate high numbers of cells from a spe- 
cific donor and to mechanistically dissect 
the process of differentiation with genetic 
engineering (e.g., CRISPR-Cas9 genome ed- 
iting) or chemical factors. We have shown 
that myeloid cells produced from hiPSCs 
accurately recapitulate the early events of 
human embryonic hematopoiesis. We have 
also leveraged the information contained 
in these dense atlases to generate dendritic 
cells, which play a key role in mobilization 
and activation of the adaptive immune re- 
sponse (7). Our recent research therefore 
opens avenues to the development of my- 
eloid-based therapies that can overcome 
the immunoregulatory mechanisms of the 
tumor microenvironment. 

Our single-cell, computational, and in vi- 
tro approaches are aiding understanding of 
the mechanisms of immunoregulation and 
tolerance in the human body. This rich body 
of knowledge can next be used to guide en- 
gineering efforts and to design specific im- 
mune identities for modeling therapeutic 
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interventions. Is it possible to engineer cells 
that penetrate the barrier around the tumor 
microenvironment? Ultimately, by elucidat- 
ing the events that mediate immunotoler- 
ance, our integrated analysis of physiologi- 
cal tissues will be a key tool in this future 
endeavor. 
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acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), 
and Mycobacterium tuberculo- 
sis—through the study of mono- 
clonal antibodies. www.science. 
org/doi/10.1126/science.adg6261 
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Searching for common ground 


The conserved coronavirus fusion peptide is a target 
of broadly neutralizing antibodies 


By Joshua Tan 


n the mid-1960s, while studying patients 

with respiratory symptoms, two pairs of 

scientists discovered a new type of vi- 

rus unlike any they had seen before in 

humans (J, 2). These viruses were later 

given the name “coronaviruses” owing 
to spike-like projections on the surface that 
were reminiscent of the solar corona. In the 
following decades, other human-infecting 
coronaviruses were identified, along with 
a wide variety of coronaviruses that infect 
birds and mammals (3). During this time, 
coronaviruses were generally only associ- 
ated with mild symptoms, especially in 
comparison to more lethal viruses such as 
HIV and influenza. All this changed with 
the emergence of three deadly coronavi- 
ruses in the 21st century: severe acute res- 
piratory syndrome coronavirus 1 (SARS- 
CoV-1), Middle East respiratory syndrome 
coronavirus (MERS-CoV), and SARS-CoV-2. 
The spread of COVID-19, caused by SARS- 
CoV-2, has been the most severe pandemic 
in the past 100 years, resulting in more than 
6.5 million deaths (4). 

The emergence of SARS-CoV-2 triggered 
a flurry of research activity across the globe 
to develop vaccines and therapeutic anti- 
bodies that target the SARS-CoV-2 spike 
protein. My laboratory joined the effort to 
investigate this novel virus by leveraging 
our experience with the discovery of mono- 
clonal antibodies (mAbs) against another 
potentially deadly pathogen, Plasmodium 
falciparum, which causes malaria (5-7). 
We identified neutralizing mAbs targeting 
the receptor-binding domain (RBD) and 
N-terminal domain of the spike protein 
and found that combining specific mAbs 
in a bispecific antibody format greatly im- 
proved potency and increased resistance to 
mutations found in SARS-CoV-2 variants of 
concern (8). 

Shortly after we completed this study, the 
course of the COVID-19 pandemic shifted 
with the emergence of a new and distinct 
variant of concern. The Omicron BA.1 vari- 
ant had a staggering number of mutations 
in the RBD, which resulted in reduced ef- 
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ficacy of most COVID-19 vaccines and 
therapeutic antibodies (9, 10). Subsequent 
Omicron subvariants have increased the 
diversity of mutations in this region (1/1), 
which further highlights the challenge of 
relying on RBD-specific tools to target all 
SARS-CoV-2 variants, including those that 
will emerge in the future. Therefore, we 
started a search for regions of the spike 
protein that are conserved among all SARS- 
CoV-2 variants of concern but are still tar- 
getable by neutralizing antibodies. We also 
asked a more ambitious question: Are there 
antibody-targetable regions that are com- 
mon to all coronaviruses? 

To answer this question, we screened 
plasma from a cohort of COVID-19 conva- 
lescent donors to identify those with broad 
reactivity to spike proteins from the seven 
known human coronaviruses (SARS-CoV-2, 
SARS-CoV-1, .MERS-CoV, HCoV-O0C43, 
HCoV-HKU1, HCoV-NL63, and HCoV-229E) 
(12). We identified 19 donors of interest and 
performed an epitope-agnostic screen of B 
cells from these donors to isolate antibodies 
that bound to spike protein from different 
coronaviruses without limiting ourselves 
to any specific epitope. We anticipated that 
broadly reactive antibodies, if present, were 
likely to be uncommon, and we developed a 
two-step screening approach that combined 
flow cytometry and optofluidics to iden- 
tify rare B cells of interest. From ~670,000 
B cells, we isolated 60 immunoglobulin G 
mAbs that showed some degree of broad 
reactivity. However, only six were able to 
bind to spike protein from all seven corona- 
viruses (12). Peptide-mapping experiments 
revealed that all six mAbs targeted the same 
epitope—the fusion peptide—which is adja- 
cent to the conserved S2’ cleavage site in 
the spike $2 subunit. During viral fusion, 
cleavage of the S2’ site by transmembrane 
protease serine 2 (TMPRSS2) or cathepsins 
unleashes the fusion peptide for insertion 
into the host membrane. Consistent with 
the broad reactivity of these mAbs, this site 
is highly conserved in all four coronavirus 
genera (Alpha, Beta, Gamma, and Delta). 
Moreover, the sequence of the fusion pep- 
tide is identical across all SARS-CoV-2 vari- 
ants of concern that have been identified to 
date (12). 

We next evaluated the function of the fu- 
sion peptide-specific mAbs. Two of these 
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mAbs, COV44-62 and COV44-79, broadly 
neutralized both alpha- and betacorona- 
viruses, including all SARS-CoV-2 variants 
of concern, albeit with lower potency than 
RBD-specific mAbs (8, 12). We also tested 
COV44-62 and COV44-79 for the ability 
to prevent SARS-CoV-2-mediated disease 
in a Syrian hamster model. We found that 
COV44-79 reduced weight loss and lung 
pathology in these hamsters relative to a 
control group. Crystal structures of the 
antibody-peptide complexes and alanine 
scan mutagenesis experiments revealed 
that COV44-62 and COV44-79 specifically 
targeted the arginine 815 (R815) residue— 
the exact location of the $2’ cleavage site. In 
line with this finding, these mAbs inhibited 
fusion between cells expressing the SARS- 
CoV-2 spike and those expressing the angio- 
tensin-converting enzyme 2 (ACE2) receptor 
(12). Analysis of the crystal structures indi- 
cated that these mAbs are unable to bind 
to the fusion peptide in the prefusion con- 
formation of the spike protein, which is the 
main form on intact virions (13). Therefore, 
a conformational shift of the spike protein, 
perhaps during the fusion process, is prob- 
ably required to allow mAbs to bind. 

These findings, in conjunction with work 
performed by other groups on mAbs against 
the fusion peptide (74, 15), suggest that this 
peptide should be considered as a target 
for therapeutic antibodies and vaccines 
that aim to confer broad protection against 
coronaviruses. Whether these tools are po- 
tent enough to prevent disease in humans 
will need to be evaluated, but therapeutics 
and vaccines targeting the fusion peptide 
are likely to retain their function against 
new SARS-CoV-2 variants. Furthermore, 
these tools could be used as rapidly deploy- 
able stopgaps if other concerning coronavi- 
ruses emerge while more pathogen-specific 
vaccines and therapeutics are developed. 
The epitope-agnostic approach that we op- 
timized to identify new targets of functional 
antibodies is applicable to other pathogens, 
especially given recent improvements in 
technology that have allowed for the iden- 
tification of B cells with rare specificities. 
Instead of focusing on immunodominant 
sites that are under strong immune pres- 
sure, it may be worth searching for con- 
served, functionally essential epitopes that 
evade most antibody responses but are still 
targetable by rare antibodies. 
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The mechanism underlying psychedelic action 


sychedelic compounds promote cortical structural and functional neuroplasticity 

through the activation of serotonin 2A receptors. However, the mechanisms by which 

receptor activation leads to changes in neuronal growth are still poorly defined. Vargas 

et al. found that activation of intracellular serotonin 2A receptors is responsible for 

the plasticity-promoting and antidepressant-like properties of psychedelic compounds, 
but serotonin may not be the natural ligand for those intracellular receptors (see the 
Perspective by Hess and Gould). —PRS Science, this issue p. 700; see also adg2989, p. 642 


Microscopy image of a cortical neuron expressing serotonin 2A receptors (multicolor) 


Protons from H, for 
ammonia synthesis 


Electrochemical synthesis 

of ammonia from nitrogen 

(N,) and hydrogen (H,) could 
advantageously decentralize 
the current mass production of 
fertilizer. One promising method 
being explored involves lithium 
ion cathodic reduction in an 
organic solvent electrolyte, 
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followed by reaction of the 
lithium with N,. However, con- 
ventional H, oxidation catalysts 
for the complementary anodic 
process are unstable in these 
conditions. Fu et al. report 
that a gold—platinum alloy can 
robustly catalyze this oxidation 
and thus steadily produce the 
protons for ammonia under 
continuous flow conditions. 
—JSY 

Science, adf4403, this issue p. 707 
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Nickel’s dual role in 
ketone transformation 


Adding carbon nucleophiles to 
ketones is acommon route to 
tertiary alcohols. When those 
ketones have a chiral center 
adjacent to the carbonyl, it is 
possible in principle to use a 
base to dynamically epimerize 
that center and thereby achieve 
enantioconvergent production 


of just one tertiary alcohol 
diastereomer. That approach 
has nonetheless proven chal- 
lenging in practice. Ruan et al. 
report that a nickel catalyst can 
accomplish the epimerization 
through a distinct, base-free 
mechanism and then introduce 
an aryl or alkenyl nucleophile 
enantioselectively to deliver a 
broad range of chiral tertiary 
alcohols. —JSY 

Science, ade0760, this issue p. 662 


Manipulating 
electron flow 


Electron flow in conduc- 
tors becomes viscous when 
electron-electron collisions 
dominate over collisions with 
defects and other sources of 
resistance. One way to study 
this viscosity is by physically 
fabricating narrow channels for 
electrons to flow through, but the 
rough edges of such channels 
make comparison with theory 
tricky. Krebs et al. instead used 
electrostatics to form tun- 
able barriers to electron flow 
in graphene. Using scanning 
tunneling potentiometry, they 
observed the electron fluid flow- 
ing around the barriers in the 
viscous regime. —JS 

Science, abm6073, this issue p. 671 


Through thick 
but not thin 


To maintain high charge car- 
rier conductivity in perovskite 
solar cells, the passivating 
layer is usually very thin (~1 
nanometer) to enable elec- 
tron tunneling. However, this 
approach limits efficiency 
because it creates a trade-off 
between open-circuit voltage 
and fill factor and challenges 
in fabricating thin films from 
solution over large areas. Peng 
et al. grew a thick (~100 nano- 
meter) dielectric mask formed 
by depositing alumina nano- 
plates and thus created random 
nanoscale openings for carrier 
transport. This layer reduced 
nonradiative recombination 
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and boosted power conversion 
efficiencies from 23 to 25.5% 
compared with a conventional 
passivation layer. —PDS 

Science, ade3126, this issue p. 682 


GEOPHYSICS 
Silently not able to heal 


Faults on the Earth rupture over 
time but do not always produce 
earthquakes. Such aseismic, 
or slow slip, events are an 
important way to release stress. 
Shreedharan et al. determined 
the frictional healing proper- 
ties of a slow slip portion of the 
Hikurangi fault in New Zealand. 
They found that the ability of 
the material to strengthen after 
failure was limited, unlike for 
earthquake-producing events. 
These observations could 
explain why these shallow, slow 
slip events happen frequently 
and at low stress. —BG 

Science, adf4930, this issue p. 712 


EPIGENETICS 


Areader for H3K79me2 


Decoding a histone modifica- 
tion requires identification of 
proteins that “read” the mark. 
Methylation of histone H3 
lysine-79 (H3K79) plays key 
roles in gene regulation, but 

it remains a mystery how this 
histone mark is recognized and 
interpreted by specific readers. 
Lin et al. identified the protein 
menin as a bona fide reader 

of H3K79mez2 using a multi- 
functional nucleosome-based 
photoaffinity probe. Biochemical 
and structural studies using 
cryo-electron microscopy 


Structure of the reader protein menin 
(orange) bound to a nucleosome 
bearing the H3K79me2 modification 
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revealed that menin engages 
with the H3K79me2 nucleo- 
some through multivalent 
contacts. —DJ 

Science, adc9318, this issue p. 717 


NEUROSCIENCE 
Pathogenic palmitoylation 


in Parkinson’s 
The proteins synaptotagmin-11 
(Sytl1) and a-synuclein are 
associated with Parkinson's 
disease. Ho et al. uncovered a 
link between the two proteins 
that may contribute to the cel- 
lular pathology of the disease. 
Syt1l1 was palmitoylated, which 
enhanced its stability and 
membrane association and 
stimulated an increase in the 
aggregation-prone monomeric 
form of a-synuclein. These 
effects were seen in primary 
neurons from mice and in 
induced neurons derived from 
induced pluripotent stem cells 
from a patient with familial 
Parkinson's disease. —LKF 

Sci. Signal. 16, eadd7220 (2023). 


HIV 
Reverse engineering 


antibodies 


Efforts to develop HIV-1 
vaccines have included the 
identification of HIV-1 Env 
epitopes that can induce 
broadly neutralizing antibodies 
targeting the CD4-binding site. 
One such antibody, IOMA, is 
considered a good candidate 
for guiding the development of 
Env immunogens. Gristick et 
al. used a yeast display library 
screen and structure-based 
sequential immunization to 
evaluate Env immunogens 
in transgenic mice express- 
ing germline-reverted IOMA. 
Antibody responses specific 
to the CD4-binding site and 
with heterologous neutraliza- 
tion capacity were induced by 
vaccination in both transgenic 
mice and in animals with 
polyclonal antibody repertoires, 
illustrating the potential of such 
Env immunogens as an HIV-1 
vaccine strategy. —CNF 

Sci. Immunol. 8, eade6364 (2023). 
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Gregarious ribosomes in 


gregarious locusts 


solidary locust is like any other grasshopper: camou- 
flaged to blend into the background and hopping about in 
search of food. However, when they are forced together by 
food shortage, the insects become colorful and attracted 
to each other. It is in this gregarious phase that locusts 
form swarms that can blacken the skies and obliterate crops. 
Many changes take place during this behavioral transition, and 
Li et al. show that protein synthesis is one thing that is altered. 
The authors found that in gregarious locusts, more ribosomes, 
which read the genetic code and assemble amino acids into 
protein, hop onto the mRNA than in solitary locusts. It appears 
that protein synthesis has to be ratcheted up in gregarious 
forms to meet the greater demand for proteins to sustain their 


highly migratory and aggressive | 


ifestyle. —DJ 


Proc. Natl. Acad. Sci. U.S.A. 120, 2216851120 (2023). 


Migratory locusts ramp up protein synthesis to enable transition into 


their colorful swarming form. 


NEUROSCIENCE 
Anxiety and irrelevant 
information 


An increased sensitivity to 
threat-related information is 
advantageous in the context of 
immediate and actual threat 
avoidance. However, it is mal- 
adaptive if neutral cues in the 
environment acquire aversive 
associations based on irrelevant 
threat-related information and 
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these associations subsequently 
guide behavior. Using behavioral 
modeling combined with brain 
scanning, Aberg et al. investi- 
gated the neurocomputational 
bases of learning relevant and 
irrelevant information. Anxious 
individuals avoided a neutral 
stimulus after it was paired with 
relevant neutral feedback and 
irrelevant fearful faces, although 
participants were explicitly 
instructed that the faces were 
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PLANETARY SCIENCE 
Anew probe in the outer 
Solar System 


The ice giants Uranus and 
Neptune have barely been 
explored. The only spacecraft to 
visit them was Voyager, which 
went on flybys in 1986 and 
1989. As a result, the Uranus 
Orbiter and Probe (UOP) has 
been identified by the academic 
community as a priority for 
the next large-scale mission to 
be undertaken by NASA. Ina 
Perspective, Mandt discusses 
the many unknowns about 
Uranus and what we could learn 
from UOP about how the planet 
was formed, its composition 
and structure, its atmosphere, 
and its ring and moon systems. 
Although Neptune is distinct 
from Uranus, this mission could 
also pave the way for future 
exploration. —GKA 

Science, ade8446, this issue p. 640 


CORONAVIRUS 
CoronaVac and 
elderly immunity 


The inactivated CoronaVac vac- 
cine has been one of the most 
globally distributed vaccines 
during the COVID-19 pandemic. 
However, the persistence 

of severe acute respiratory 
syndrome coronavirus 2 (SARS- 
CoV-2) variants has resulted 

in the need for vaccine boost- 
ing. Filardi et al. characterized 
SARS-CoV-2-specific antibody 
responses in 293 nonhospi- 
talized adults in Brazil and 

the Dominican Republic who 
had been initially vaccinated 
with two doses of CoronaVac, 
followed by a homologous 
CoronaVac booster or het- 
erologous vaccination with 

the messenger RNA vaccine 
BNT162b2 or the adenovirus 
vector-based vaccine ChAdOxl1. 
All vaccine types increased 
virus-specific immunoglobulin 
G (IgG) 28 days after boosting, 
but spike and receptor binding 
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domain-specific IgG titers and 
neutralizing antibody concen- 
trations were markedly lower 
against Omicron subvariants 

in individuals over 50 years old 
boosted with CoronaVac. These 
findings highlight the potential 
benefit of heterologous vaccine 
boosters for older individuals 
who were initially vaccinated 
with CoronaVac. —CNF 

Sci. Transl. Med. 15, eade6023 (2023). 


IMMUNOLOGY 
Immune cells in the 
extracellular matrix 


The extracellular matrix is 
a dynamic tissue support 
network that is made up of 
components including fibrillar 
proteins, glycosaminoglycans, 
proteoglycans, and mucus. 
There is growing knowledge that 
this network has an intricate 
relationship with immune cells, 
which has important implica- 
tions for our understanding 
of host defense, wound repair, 
fibrotic disease, and aging. 
Sutherland et al. reviewed the 
latest research on the intercon- 
nectedness of these systems 
with an emphasis on how this 
cross talk is an important ele- 
ment in the success (or failure) 
of immune cell-based thera- 
pies. —STS 

Science, abp8964, this issue p.659 


NEUROSCIENCE 
The scent of tsetse 


Volatile sex attractants can be 
used in traps to monitor and 
control insect spread. Tsetse 
flies spread disease among 
humans and livestock in sub- 
Saharan Africa, and methods 
for controlling them are lacking. 
Ebrahim et al. identified fatty 
acid methyl esters as the vola- 
tile sex attractants in the tsetse 
fly Glossina morsitans, and 
showed that mating behavior 
was promoted for male files in 
response to these compounds 
(see the Perspective by Syed). 
Mating behavior in this species 


was also modulated by infec- 
tion with parasites that cause 
African trypanosomiasis. These 
results suggest that sex attrac- 
tants might be used in traps 
for controlling tsetse spread in 
sub-Saharan Africa. -MM 
Science, ade1877, this issue p. 660; 
see also adg2817, p.638 


CANCER IMMUNOLOGY 
Dendritic cells 
save the day 


Dendritic cells are a key part 
of the immune system and are 
critical for antitumor immunity 
because they help to induce T 
cell responses against tumor 
antigens. CD5 is a glycoprotein 
expressed on some immune 
cells, including a subset of 
dendritic cells, but its function 
had not been well understood. 
He et al. demonstrated that 
CD5-expressing dendritic cells 
help to prime T cell responses 
against melanoma and are asso- 
ciated with survival in human 
patients and with immune rejec- 
tion of tumors in mouse models. 
Moreover, these cells were 
needed for optimal results with 
immune checkpoint blockade, 
a type of immunotherapy that 
promotes reactivation of the 
body's own immune responses 
to treat cancer. —YN 

Science, abg2752, this issue p.661 


SOLAR CELLS 
Phosphorus stabilization 
of perovskites 


Lewis base molecules that 
contain electron-donating 
atoms such as oxygen or sulfur 
can bind to undercoordinated 
lead atoms and passivate 
defects at interfaces and grain 
boundaries in perovskite films. 
Li et al. used density functional 
theory to screen potential 
Lewis bases and found that 
phosphorus-containing mol- 
ecules showed the strongest 
binding to lead. A small amount 
of 1,3-bis(diphenylphosphino) 
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propane stabilized inverted 
perovskite solar cells. The solar 
cells could maintain a power 
conversion efficiency of about 
23% for more than 1500 hours 
under open-circuit conditions at 
85°C. —PDS 

Science, ade3970, this issue p. 683 


BIOPHOTONICS 
A photonic glass to 
camouflage crustaceans 


Eye pigments are usually 
required for vision, but for 
creatures that want to stay hid- 
den, they make it easier to be 
seen by others. This raises the 
question how marine inverte- 
brates avoid being detected. 
Studying larval crustaceans, 
Shavit et al. found that many of 
these animals use an ultra- 
compact reflector that overlies 
the opaque eye pigments and 
conceals them from view (see 
the Perspective by Feller and 
Porter). The reflection of light 
from the inner surface of the 
eye is produced by a photonic 
glass comprising crystalline 
isoxanthopterin nanospheres. 
The size and ordering of the 
nanospheres is varied to tune 
the reflectance from deep blue 
to yellow-green, enabling the 
organisms to blend in with 
different habitats. The use 
of a photonic glass may also 
enhance the vision of the eye. 
—MSL 

Science, add4099, this issue p. 692; 

see also adf2062, p.643 


MOLECULAR BIOLOGY 


Methylation suppression 
Methylation of the N° position 
of adenine (m®A) is a chemical 
tag for many messenger RNAs 
(mRNAs) added by m®A “writer” 
proteins. Tagged mRNAs are 
marked for regulation through 
m°A “reader” proteins, which 
bind methylated mRNAs and 
alter their expression. However, 
how the cell selects specific 
regions on mRNAs to be marked 
has remained unclear. He et al. 
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identified a new function for the 
exon junction complex as an 
m®A “suppressor” that pack- 
ages nearby mRNA and protects 
these regions from m®A mark- 
ing. Exon architecture controls 
mRNA accessibility to m®A 
methylation, as well as poten- 
tially a broader set of regulatory 
complexes. —DJ 

Science, abj9090, this issue p. 677 
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and boosted power conversion 
efficiencies from 23 to 25.5% 
compared with a conventional 
passivation layer. —PDS 

Science, ade3126, this issue p. 682 


GEOPHYSICS 
Silently not able to heal 


Faults on the Earth rupture over 
time but do not always produce 
earthquakes. Such aseismic, 
or slow slip, events are an 
important way to release stress. 
Shreedharan et al. determined 
the frictional healing proper- 
ties of a slow slip portion of the 
Hikurangi fault in New Zealand. 
They found that the ability of 
the material to strengthen after 
failure was limited, unlike for 
earthquake-producing events. 
These observations could 
explain why these shallow, slow 
slip events happen frequently 
and at low stress. —BG 

Science, adf4930, this issue p. 712 


EPIGENETICS 


Areader for H3K79me2 


Decoding a histone modifica- 
tion requires identification of 
proteins that “read” the mark. 
Methylation of histone H3 
lysine-79 (H3K79) plays key 
roles in gene regulation, but 

it remains a mystery how this 
histone mark is recognized and 
interpreted by specific readers. 
Lin et al. identified the protein 
menin as a bona fide reader 

of H3K79mez2 using a multi- 
functional nucleosome-based 
photoaffinity probe. Biochemical 
and structural studies using 
cryo-electron microscopy 


Structure of the reader protein menin 
(orange) bound to a nucleosome 
bearing the H3K79me2 modification 
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revealed that menin engages 
with the H3K79me2 nucleo- 
some through multivalent 
contacts. —DJ 

Science, adc9318, this issue p. 717 


NEUROSCIENCE 
Pathogenic palmitoylation 


in Parkinson’s 
The proteins synaptotagmin-11 
(Sytl1) and a-synuclein are 
associated with Parkinson's 
disease. Ho et al. uncovered a 
link between the two proteins 
that may contribute to the cel- 
lular pathology of the disease. 
Syt1l1 was palmitoylated, which 
enhanced its stability and 
membrane association and 
stimulated an increase in the 
aggregation-prone monomeric 
form of a-synuclein. These 
effects were seen in primary 
neurons from mice and in 
induced neurons derived from 
induced pluripotent stem cells 
from a patient with familial 
Parkinson's disease. —LKF 

Sci. Signal. 16, eadd7220 (2023). 


HIV 
Reverse engineering 


antibodies 


Efforts to develop HIV-1 
vaccines have included the 
identification of HIV-1 Env 
epitopes that can induce 
broadly neutralizing antibodies 
targeting the CD4-binding site. 
One such antibody, IOMA, is 
considered a good candidate 
for guiding the development of 
Env immunogens. Gristick et 
al. used a yeast display library 
screen and structure-based 
sequential immunization to 
evaluate Env immunogens 
in transgenic mice express- 
ing germline-reverted IOMA. 
Antibody responses specific 
to the CD4-binding site and 
with heterologous neutraliza- 
tion capacity were induced by 
vaccination in both transgenic 
mice and in animals with 
polyclonal antibody repertoires, 
illustrating the potential of such 
Env immunogens as an HIV-1 
vaccine strategy. —CNF 

Sci. Immunol. 8, eade6364 (2023). 
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Gregarious ribosomes in 


gregarious locusts 


solidary locust is like any other grasshopper: camou- 
flaged to blend into the background and hopping about in 
search of food. However, when they are forced together by 
food shortage, the insects become colorful and attracted 
to each other. It is in this gregarious phase that locusts 
form swarms that can blacken the skies and obliterate crops. 
Many changes take place during this behavioral transition, and 
Li et al. show that protein synthesis is one thing that is altered. 
The authors found that in gregarious locusts, more ribosomes, 
which read the genetic code and assemble amino acids into 
protein, hop onto the mRNA than in solitary locusts. It appears 
that protein synthesis has to be ratcheted up in gregarious 
forms to meet the greater demand for proteins to sustain their 


highly migratory and aggressive | 


ifestyle. —DJ 


Proc. Natl. Acad. Sci. U.S.A. 120, 2216851120 (2023). 


Migratory locusts ramp up protein synthesis to enable transition into 


their colorful swarming form. 


NEUROSCIENCE 
Anxiety and irrelevant 
information 


An increased sensitivity to 
threat-related information is 
advantageous in the context of 
immediate and actual threat 
avoidance. However, it is mal- 
adaptive if neutral cues in the 
environment acquire aversive 
associations based on irrelevant 
threat-related information and 
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these associations subsequently 
guide behavior. Using behavioral 
modeling combined with brain 
scanning, Aberg et al. investi- 
gated the neurocomputational 
bases of learning relevant and 
irrelevant information. Anxious 
individuals avoided a neutral 
stimulus after it was paired with 
relevant neutral feedback and 
irrelevant fearful faces, although 
participants were explicitly 
instructed that the faces were 
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unrelated to task performance. 
These results indicate that 
anxiety is associated with an 
increased integration of irrel- 
evant threat-related information 
during feedback processing. 
—PRS 


J. Neurosci. 43, 656 (2023). 


PSYCHOLOGY 
Misinformed 


overconfidence 


Why do some people hold strong 
opinions about well-evidenced 
science yet others remain neu- 
tral? A probability survey of more 
than 2000 UK adults addressed 
this question by focusing on 
attitudes toward specific genetic 
technologies such as genetically 
modified foods and the sub- 
jects’ beliefs about the accuracy 
of their own understanding. 
Fonseca et al. found that an 
important factor was self-confi- 
dence: Neutral people were less 
confident in their own under- 
standing of science, whereas 
people on the extremes (i.e., 
either those very supportive of 
science or very distrustful) were 
more confident that they accu- 
rately understood science, even 
when this was not warranted. 
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Moreover, some misinformed 
yet confident people held very 
negative attitudes toward sci- 
ence. To address discrepancies 
between what people think they 
know versus what they actually 
know about science requires 
replacing inaccurate beliefs with 
an accurate understanding of 
science. —EEU 

PLOS Biol. 10.1371/journal. 

pbio.3001915 (2023). 


PSYCHIATRY 
Tagging early trauma 


Early life traumas result in 
increased activation of neurons 
in the paraventricular nucleus of 
the thalamus (PVT) in mice and 
increase the risk of develop- 
ing mood and substance use 
disorders. To prevent these 
negative consequences, a 

clear understanding of the 
brain areas affected by early 
traumas is critical. Kooiker 

et al. used rodent models of 
early life adversity and genetic 
tagging to show that neurons 
expressing the receptor for the 
stress-related peptide corti- 
cotropin-releasing hormone in 
the PVT are overactivated in 
mice that experienced adversi- 
ties compared with normally 


17 FEBRUARY 2023 « VOL 379 ISSUE 6633 


reared mice. Therefore, the PVT, 
which is known to be involved 
in reward circuits, is also critical 
for encoding adverse experi- 
ences occurring in the early 
postnatal period. —-MM 
Biol. Psychiatry Glob. Open Sci. 
10.1016/j.bpsgos. 
2023.01.002 (2023). 


EXTREMOPHILES 
Yellowstone’s primary 
producers 


Geothermal springs present an 
ideal environment for autotro- 
phic microbial communities 
because water rich in nutrients, 
inerals, and hydrogen sulfide 
eets oxidized surface fluids, 
providing a chemical poten- 

tial that can be harvested by 
metabolism. Fernandes-Martins 
et al. studied microbial com- 
munities in three springs within 
Yellowstone National Park that 
are in close proximity but have 
differing hydrologic features. 
Microbial diversity, composi- 
tion, and metabolic activity were 
strikingly different in these three 
sites, which the authors attribute 
to differences in the provision of 
reduced or oxidized sulfur com- 
pounds to the springs, which 


m 
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CHEMISTRY OF ART 
Whence lead formate? 


he goals of applying modern analytical 

techniques to centuries-old paintings are 

twofold: first, to understand how past art- 

ists derived their pigments and, second, 

to ascertain the best means of preserving 
the art for generations to come. Gonzalez et al. 
applied x-ray powder diffraction and infrared 
spectroscopy to Rembrandt's masterpiece 
The Night Watch and unexpectedly detected 
lead formate. Although the metal is a well- 
known paint component, this counterion is not. 
Experiments with linseed oil and lead oxide 
implicated a possible formation pathway, 
although revarnishing may also have played 
arole. —JSY Angew. Chem. Int. Ed. Engl. 10.1002/ 
anie.202216478 (2023). 


Paint from the masterpiece “The Night Watch” by the 
Dutch artist Rembrandt van Rijn has been found to 
contain lead formate, a compound never before seen 
in historical paintings. 


influences pH and the availability 
of substrates for metabolism. 
—MAF 
Environ. Microbiol. 10.1111/ 
1462-2920.16340 (2023). 


GALAXIES 
Spectroscopy of a galaxy 
at redshift 12 


The expansion of the Universe 
causes light from distant 
objects to be redshifted to 
longer wavelengths, so measur- 
ing a redshift can determine 
the object's distance and age. 
Rough estimates of a galaxy’s 
redshift can be made using 
imaging alone, but these are 
only candidate detections until 
they are confirmed by spec- 
troscopy. Bakx et al. performed 
submillimeter spectroscopy of 
a candidate high-redshift galaxy 
that was previously identified by 
infrared imaging. They detected 
a spectral line and determined 
a spectroscopic redshift of 12.1, 
which is among the highest ever 
measured. The results place the 
galaxy only 367 million years 
after the Big Bang. —KTS 

Mon. Not. R. Astron. Soc. 10.1093/ 

mnras/stac3723 (2023). 
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IMAGE: REMBRANDT/WIKIMEDIA COMMONS. 
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INTRODUCTION: Immune checkpoint blockade 
(ICB) therapy that blocks inhibitory T cell check- 
point molecules such as programmed cell death 
protein 1 (PD-1) and cytotoxic T lymphocyte- 
associated protein 4 (CTLA-4) has revolution- 
ized cancer treatments. Despite its efficacy, 
half of the treated patients respond poorly and 
experience disease progression after therapy. 
To further improve immunotherapy outcome, 
a better understanding of the immune land- 
scape and the tumor microenvironment (TME) 
is needed. In this context, dendritic cells (DCs), a 
functionally diverse system of antigen-presenting 
cells, play an instrumental role in eliciting anti- 
tumor responses during ICB therapy by induc- 
ing de novo CD8* cytotoxic and CD4* helper 
T cells against cancer-specific antigens. How- 
ever, the specific DC features that are critical 
for driving effective T cell immunity and how 
subset composition in the tissue affects re- 
sponsiveness to therapy remain unresolved. 


RATIONALE: CD5, which is a transmembrane 
glycoprotein expressed on the surfaces of con- 
ventional T cells and some B cells, was recently 
recognized as a marker of a subset of DCs in 
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both mice and humans. CD5 plays an im- 
portant role in fine-tuning T cell receptor 
signaling during development and in their 
effector function in the periphery. However, 
the physiological roles of CD5 on DCs and 
the impact of such CD5* DCs on tumor im- 
munity remain unclear. In our previous work, 
we showed that migratory CD5* DCs in the 
human skin prime helper T cells and multi- 
functional cytotoxic T cells more effectively 
than DCs that lack CD5. We hypothesized that 
the increased frequency of CD5* DCs in inflam- 
matory settings correlates with their involve- 
ment in antitumor responses and responses 
to ICB therapy. 


RESULTS: We investigated the mechanisms that 
underlie DC-mediated effector T cell prim- 
ing, focusing on the role of CD5 expressed by 
these interacting cells. We analyzed the mye- 
loid compartment of human skin draining 
lymph nodes and found that the frequency 
of the CD5* DC population within the DC2 com- 
partment was reduced in human melanoma- 
affected lymph nodes compared with the same 
population in unaffected tissue. According- 


Tumor progression 
and failed response to 
anti-PD-1 


DC CD5 directs the response to immunotherapy. CD5* DC frequency was reduced in tumor-affected 
lymph nodes, and their presence correlated with greater patient survival in multiple tumors. CD5* DC 
numbers increased during ICB therapy, and low IL-6 concentrations promoted their de novo differentiation. 
The requirement for CD5 on DCs was linked to the priming of effector CD5"'T cells and optimal ICB therapy. 
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ly, CD5 expression as well as a CD5* DC gene 
signature correlated with greater survival and 
relapse-free survival in patients with a va- 
riety of cancers, including melanoma. We iden- 
tified a critical immunostimulatory function 
for CD5 on DCs that potentiates the priming 
of tumor-reactive T cell activation, prolifer- 
ation, effector function, and response to ICB 
therapy. The expression of CD5 on DCs cor- 
related directly with the extent of effector 
helper CD4" and cytotoxic T cell priming in 
humans. Selective deletion of CD5 expres- 
sion in DCs prevented an efficient response 
to ICB therapy in tumor-bearing mice, re- 
sulting in defective immune rejection of tu- 
mors. This defect correlated with the activation 
of CD5!° T cells, including CD5'°CD4* T cells 
and neoantigen-specific CD5'°CD8* T cells 
with poor effector function. In parallel, we ex- 
amined biopsies of patients with melanoma 
and found that CD5" Tcell frequencies aligned 
with the CD5* DC density. Similarly, deletion 
of CD5 expression in T cells negatively af- 
fected CD5* DC-mediated T cell priming, anti- 
tumor immunity, and the response to ICB. 
Moreover, we found increased numbers of 
CD5* DCs after ICB in vivo, which corre- 
sponded to increased numbers of these cells in 
a patient with PD-J deficiency. Further- 
more, interleukin-6 (IL-6), which was abun- 
dant in the cells of this patient, was also 
detected at higher levels within tumors after 
ICB therapy compared with baseline meas- 
urements. Correspondingly, we identified 
IL-6 as an important factor in CD5* DC dif- 
ferentiation and survival. 


CONCLUSION: Our data provide insight into 
how immunotherapies like ICB work and 
identify CD5 on DCs as a new potential tar- 
get for enhancing response rates among pa- 
tients undergoing treatments. The role of DC 
CD5 in engaging effective antitumor immu- 
nity provides one explanation for the corre- 
lation of human DC2s, the only conventional 
DC subpopulation in humans that expresses 
CD5, with effector helper T cell density in tu- 
mors and with the patient responsiveness 
to ICB therapy. Overall, increased CD5* DCs 
in human lymphoid tissue aligns with mark- 
ers of effector T cell quality, as well as with 
patient overall survival. Thus, harnessing 
CD5 on DCs may be a promising avenue for 
enhancing the efficacy of immunotherapy 
against multiple tumors. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: eklechevsky@wustl.edu 
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The induction of proinflammatory T cells by dendritic cell (DC) subtypes is critical for antitumor 
responses and effective immune checkpoint blockade (ICB) therapy. Here, we show that human 
CD1c*CD5* DCs are reduced in melanoma-affected lymph nodes, with CD5 expression on DCs correlating 
with patient survival. Activating CD5 on DCs enhanced T cell priming and improved survival after 

ICB therapy. CD5* DC numbers increased during ICB therapy, and low interleukin-6 (IL-6) concentrations 
promoted their de novo differentiation. Mechanistically, CD5 expression by DCs was required to 
generate optimally protective CD5" T helper and CD8* T cells; further, deletion of CD5 from T cells 
dampened tumor elimination in response to ICB therapy in vivo. Thus, CD5* DCs are an essential 


component of optimal ICB therapy. 


mmunotherapy has revolutionized cancer 

treatment. Melanoma is a prominent ex- 

ample of immune checkpoint blockade 

(ICB) success, with more than 50% of pa- 

tients responding to dual anti-programmed 
cell death protein 1 (PD-1) and anti-cytotoxic 
T lymphocyte-associated protein 4 (CTLA-4) 
regimens (J, 2). However, this leaves nearly 
50% of patients as primary nonresponders, 
and most of these patients will experience dis- 
ease progression after therapy. To improve the 
benefit of immunotherapy in patients with 
melanoma and to extend the success to other 
more immunotherapy-refractory cancers (for 
example, immunologically “cold” tumors such 
as pancreatic cancer), a better understanding 
of the immune landscape and tumor micro- 
environment (TME) is needed. 
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Dendritic cells (DCs) play critical roles in anti- 
tumor immunity by inducing effector T cell 
responses against cancer-specific and cancer- 
associated antigens, many of which are rela- 
tively poorly immunogenic (3). Tumor cells, 
however, hijack the immune system, causing 
T cell exhaustion and DC dysfunction. Cancer- 
induced T cell exhaustion may be reversed 
through checkpoint blockade; however, this 
treatment fails to show clinical benefit in 
many patients, is unsuccessful for some can- 
cer types, and can have severe side effects that 
limit its use. 

Conventional DCs (cDCs) are broadly di- 
vided into cDC1 and cDC2 populations that 
arise through distinct pre-DC lineages (4). 
cDCs either reside in the lymph node (LN) or 
migrate in from peripheral tissues, such as the 
skin (5). Through their specific surface recep- 
tors and cytokines and through their differen- 
tial use of antigen processing and presentation 
pathways, distinct DC subsets take special- 
ized roles for activating different modes of 
immunity (6-8). For example, human skin 
harbors Langerhans cells in the epidermis and 
CDila*CDic* or CD14-expressing DCs in the 
dermis. Whereas migratory Langerhans cells 
and dermal CD1a*CDic* DCs prime helper T cells 
(6, 9) and cross-prime cytotoxic T lymphocytes 
(CTLs) (6, 7, 10), the dermal CD14* DCs promote 
humoral immunity (6, 17) but inhibit CTLs (6, 7) 
and prime regulatory T cells (72). 

Both human and murine cDCls comprise a 
relatively homogeneous population (13), where- 
as cDC2s are more heterogeneous. cDC2s are 
defined by the cell surface expression of CD11b, 
DCIR-2, and CD172a [signal regulatory protein 


17 February 2023 


alpha (SIRP-a)] (/4, 15) in mice and CD1c and 
Clecl10A in humans (73), with differential surface 
expression of Esam, Mgl2 (CD301b, the mouse 
homolog to Clecl0A) (16), or CLEC12A (17) in 
mice and CD5 in humans (/8, 19). Both cDCis 
and cDC2s contribute to antitumor immunity 
by priming CTL responses and CD4"* helper T 
(Ty) cells, respectively. Yet despite such un- 
derstanding of the functions elicited by dis- 
tinct DC subsets (5), our knowledge of the DC 
subset or subsets that promote the most po- 
tent antitumor responses in humans is less 
clear. We previously reported that migratory 
skin CD5* DCs, which we found on a subset of 
DC2s, prime inflammatory Ty, cells and multi- 
functional CTLs more effectively than their 
CD5° DC2 counterparts (18, 20). Their increased 
frequency in inflammatory settings led us to 
hypothesize that these cells are predominantly 
involved in the antitumor response. 

CD5 is a type I transmembrane glycopro- 
tein that is expressed on the surface of T cells 
and a subset of B cells. Additionally, it is now 
accepted as a marker of a subset of DC2s 
(CD1c* DCs) in humans (18, 19, 21). Although 
CD5 was initially detected on murine DCs in 
the early 1990s (15, 22-24), its physiological 
role is not fully understood. Whereas some 
studies of murine cells indicated that CD5 
functions as an inhibitory molecule (25-29), 
others suggested that when expressed on ma- 
ture T cells, CD5 can promote T cell activation, 
interleukin-2 (IL-2) production (30-33), and 
pathogenic T,17 cell differentiation (25, 34, 35) 
and can also confer a nuclear factor «B (NF-«B)- 
dependent survival advantage (36). Thus, the 
functional relevance of CD5 remains unre- 
solved and may vary with cell type or micro- 
environment to promote a specific functional 
outcome (37). 

Here, we identified a critical immunostimu- 
latory function for CD5 on DCs that potentiates 
the priming of effector T cells. CD5 expression 
on DCs correlated with greater overall sur- 
vival and relapse-free survival in patients with 
melanoma, lung squamous cell carcinoma, 
sarcoma, breast cancer, cervical squamous cell 
carcinoma, and endocervical adenocarcinoma, 
and the frequency of CD5* DCs was reduced 
20-fold in human melanoma-affected LNs 
compared with unaffected tissue. Further, using 
conditional deletion of CD5 on DCs in mice, 
we found resistance to ICB therapy in sar- 
coma and colorectal cancer tumor models. 
The requirement for CD5 on DCs was linked 
to the activation of CD5™CD4* T cells and 
neoantigen-specific CD5"!CD8* T cells. These 
data suggest that CD5 expression on cells of 
the myeloid compartment plays a key role in 
determining the outcomes of naturally oc- 
curring immune responses to cancer and that 
harnessing CD5 on DCs may be a promising 
avenue for enhancing the efficacy of ICB ther- 
apy against multiple tumors. 
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Fig. 1. Altered distribution of CD1c*CD5* DCs in melanoma-affected human 
LNs and correlation with patient survival. (A) Workflow for single-cell analysis of 
myeloid cells from human melanoma that were isolated from five iLNs and three 
matched uLNs from patients with melanoma. (B) UMAP displaying nine clusters of 
myeloid CD45"lineage" HLA-DR* cells sorted from five iLNs and three matched uLNs 
from patients with melanoma and processed for scCRNA-seq using 10x Genomics 
technology (see also fig. S1, A and B). MDSC, myeloid-derived suppressor cell; TAM, 
tumor-associated macrophage. (C) UMAP displaying CD45" lineage” HLA-DR* cell 
distribution based on tissue type. (D) UMAP plots of six marker genes associated with 
various myeloid cell types in human tumor iLNs and uLNs as defined in Fig. 1, B 
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and C. The color scale represents the normalized expression of the gene. (E) Scatter plot 
showing the z-score based on the total expression of CD5 for each cluster separated 

by iLN (red) and uLN (blue). The left y axis corresponds to the dots on the plot, which 
represent the expression of CDS in individual cells. The right y axis corresponds to the bars. 
The height of each bar represents the z-score of the gene in the group of cells of 
each cluster. (F) Bar plots showing the number of cells expressing CD5 in each cluster 
(left) and the fraction of cells in each cluster and sample that expresses CD5 (right). Colors 
represent the samples from which the cells were derived. Shades of blue or red indicate 
uLNs or iLNs from different donors, respectively. (G) Expression of CD1c*CD5* (bottom) 
and CD14" CD5* (top) in iLNs and uLNs of representative patient Mel002. Cells were 
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gated on CD45*CD3°CD19- MHCII*CD11c*. One representative plot of eight patients is 
shown. (H) CD1c*CD5* (left) and CD14*CD5~ (right) in eight iLNs and matched 
uLNs, plus an additional two iLNs from patients with melanoma. Symbols indicate values 
from individual patients. (I) UMAP displaying CyTOF analysis of CD45* cells from four iLNs 
and matched uLNs of patients with melanoma. (J) Relative expression of CD5 in each 
myeloid cell-specific cluster (top) and distribution among the iLN and uLN cells (bottom). 
For the box-and-whisker plots, the bars are the default setting using interquartile ranges 
(IQR), where the lower whisker is quartile 1 minus 1.5 x IQR and the upper whisker is 
quartile 3 plus 1.5 x IQR. (K) Kaplan-Meier curve (top) showing the proportion of overall 
survival across the TCGA melanoma cohort by median CD5 mRNA level, as generated 


Results 

CD5 expression correlates with improved 
disease prognosis in patients with melanoma 
After identifying CD5* DCs in migratory skin 
DCs (18), we queried myeloid heterogeneity 
in the skin tumor-draining lymph nodes (TDLNs) 
of patients with metastatic melanoma. We 
sorted CD45*lineage (CD3/CD56/CD19) major 
histocompatibility complex (MHC) II* antigen- 
presenting cells from five tumor-affected and 
three unaffected LNs that drain the skin of a 
melanoma patient (table S1) and performed 
single-cell RNA sequencing (scRNA-seq) using 
the 10x Genomics Chromium platform paired 
with deep sequencing. Uniform manifold ap- 
proximation and projection (UMAP) analysis 
of 1596 TDLN myeloid cells from all the in- 
tegrated samples (Fig. 1A and fig. SIA) yielded 
nine high-quality and distinct population clus- 
ters (designated clusters 0 to 8; Fig. 1B). Clusters 
0, 1, 6, and 7 were expressed mainly in tumor- 
free tissue (Fig. 1, B and C, and fig. S1, A and B), 
whereas clusters 2, 3, 4, and 8 were principally 
present in tumor-affected tissue (Fig. 1, B and 
C, and fig. S1, A and B). We used gene overlays 
of individual canonical myeloid markers to 
further identify the cell clusters (Fig. 1D). Clus- 
ters 0, 1, and 6 contained CD1c- and CLEC10A- 
expressing DC populations, representing the 
cDC2 subset (13). Cluster 6 shared genes with 
lysosome-associated membrane glycoprotein 3 
(LAMP3) DCs (38) as well as the recently de- 
scribed mature DCs enriched in immunoregula- 
tory molecules (mreg) DCs, with the exception of 
ITAR, STAT6, and_AXL, which were absent in LN 
cluster 6 DCs but present in mregDCs and which 
were required for their suppressive activity (39) 
(fig. SI, C and D). Cluster 7 contained progenitor 
pre-DC/AXL*SIGLEC6* DCs, which express AXL, 
SIGLEC6, and IL3RA. We found that CD85 tran- 
script expression corresponded with cells in 
the tumor-uninvolved tissue (Fig. 1, E and F)— 
mainly the CDic*CLECIOA* cDC2s in clusters 0, 
6, and 7—and was concordant with the ex- 
pression of LAMP3 and CCR7 (Fig. 1D); these 
findings were in accordance with the known 
biology of migratory skin DCs (40). A subset of 
migratory Langerhans cells, identified by the 
expression of CDla (CDIA), CDIC, and CD207, 
was present in cluster 1 (fig. SIE) and was also 
identified using cytometry by time of flight 
(CyTOF) (in myeloid cluster 16; fig. S1, F and G). 
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XCRI*CLEC9A* cells (cDCIs) occupied cluster 
5 and were present in both tumor-involved 
and uninvolved tissues (Fig. 1, B and C, and fig. 
S1, E and H). Macrophages and monocyte- 
derived cells occupied clusters 2, 3, 4, and 8 
and were enriched in melanoma-involved tis- 
sue, with cluster 2 cells expressing THBSI and 
the SI00A family members VCAN and FCN1, 
which are characteristic of myeloid-derived 
suppressor cell-like cells. Clusters 3 and 4 con- 
tained triggering receptor expressed on mye- 
loid cells 2 (TREM2)-expressing macrophages, 
tumor-associated macrophage-like and M2 
macrophages (Fig. 1B and fig. S1, E and H), 
which also expressed CD206/MRCI (higher 
on cluster 3) and C7QA, CIQB, and APOE (higher 
on cluster 4) (fig. S1, E and H). Cluster 8 cor- 
responded to nonclassical CD16* monocytes 
(DC4) that expressed CD16 (FCGR3A), C5ARI, 
S100A4, and LILRB2 (fig. S1H). 

We next assessed the presence of CDic*CD5* 
DCs in eight tumor-involved LNs (iLNs) and 
patient-matched uninvolved LNs (uLNs) 
by flow cytometry and CyTOF. We observed 
that these cells were restricted to a uLN and 
reduced in a metastatic tumor LN (mean 
percentage + SEM; 13.5 + 2.5% versus 4.0 + 
1.0%) [Fig. 1, G (bottom) and H (left)]. This 
contrasted with the CD14" cells, which pref- 
erentially occupied tumor-affected tissue and 
had no CD5 expression (9.2 + 3.6% versus 
55.2 + 13.8%) [Fig. 1, G (top) and H (right)]. 
UMAP analysis showed that CD5-expressing 
DCs occupied a distinct myeloid cluster 14, 
which was enriched in uLNs (Fig. 1, I and J, 
and table S2). 

We then examined the association of CD5 
with disease prognosis based on The Cancer 
Genome Atlas (TCGA) melanoma cohort that 
is composed of 469 patients. CD5 expression 
(Fig. 1K) and the CD5* DC signature (Fig. 1L) 
were associated with favorable prognosis for 
melanoma. There was no correlation between 
CD5 expression and patient age or disease 
staging, as measured by Clark level (fig. S2, A 
and B). Furthermore, the CD5* DC signature 
in tumors correlated with survival in an inde- 
pendent melanoma cohort (47) (fig. S2C). In 
addition to cutaneous melanoma, the CD5* 
DC signature was associated with favorable 
prognosis of lung squamous cell carcinoma, 
sarcoma, breast cancer, cervical squamous 
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by RNA-seq, comparing CD5-high (blue) versus CD5-low (red). Strata (bottom) refers to 
grouping, high versus low. (L) Kaplan-Meier curve (top) showing the proportion of overall 
survival across the TCGA melanoma cohort by median CD5* DC signature mRNA level 
comparing CD5*DC-high (blue) versus CD5*DC-low (red). DC signature (DC Sign) (bottom) 
was developed using the product of CD5, CDIC, LAMP3, and CLECIOA divided by the 
mRNA level of CD3G. (M) Volcano plot of the hazard ratios versus —loglO(P value) across 
TCGA cohorts for the CD5* DC signature. Points highlighted in red are significantly (P < 
0.05) associated with worse overall survival. SKCM, skin cutaneous melanoma; LUAD, 
lung adenocarcinoma; SARC, sarcoma; BRCA, breast invasive carcinoma; CESC, 
cervical squamous cell carcinoma and endocervical adenocarcinoma. 


cell carcinoma, and endocervical adenocar- 
cinoma (Fig. IM). As expected, CD5 correated 
with the expression of CDic [coefficient of de- 
termination (R?) = 0.53], LAMP3 (R? = 0.51), 
CLECIOA (R? = 0.65), CD40 (R® = 0.48), and 
CLECQA (R? = 0.6) but was poorly correlated 
with TREM2, THBD, and AXL expression in 
the tumor (fig. S2D). Overall, CD5* DCs were 
enriched in the tumor-free LNs, and their pres- 
ence was associated with better prognosis 
for patients with melanoma, lung squamous 
cell carcinoma, sarcoma, breast cancer, cervi- 
cal squamous cell carcinoma, and endocervical 
adenocarcinoma. 


CD5* DCs isolated from LNs and skin efficiently 
prime allogeneic naive T cell responses 


DCs are distinctive in their capacity to induce 
proliferation of allogeneic naive CD4* T cells 
and CDs* T cells in a mixed lymphocyte reaction 
(42). Within this diverse cell system, we previ- 
ously identified a subset of cells that express CD5 
within the migratory dermal CD14°CD141 CD1c* 
DCs and epidermal Langerhans cells (78). The 
dermal CD5* DCs (fig. S3A) were powerful 
stimulators of naive CD4* T and CD8* T cell 
proliferation (Fig. 2A). As few as 1000 of these 
cells were sufficient to induce nine and seven 
cell divisions within the CD4"* T cell (Fig. 2B, 
left) and CD8* T cell (Fig. 2B, right) popula- 
tions, respectively, whereas the CD5 dermal 
DCs induced only four and two divisions, re- 
spectively (Fig. 2B). Similarly, CD1c*CD5* LN 
DCs (fig. S3B) were stronger stimulators of 
naive CD4* and CDs" T cell proliferation than 
their CDic*CD5° counterparts (Fig. 2, A and 
B). The enhanced capacity of LN CD5* DCs to 
activate T cells was reflected in the amounts of 
cytokines that were produced in the primed 
T cell cultures (Fig. 2, C and D). Compared 
with LN CD5” DCs, CD5* DCs isolated from 
LNs induced more interferon-y (IFN-y) and 
tumor necrosis factor-a (TNF-a) production 
by naive CD4" T cells (Fig. 2C, left) and CD8* 
T cells (Fig. 2C, right). Moreover, higher amounts 
of TNF-o: were detected in cocultures of T cells 
activated by LN CD5* DCs (Fig. 2D, left) or der- 
mal CD5* DCs (Fig. 2D, right) compared with 
those detected in cocultures of T cells and CD5~ 
DCs or CD14" cells (Fig. 2D). CD5* DC-primed 
T cells also yielded higher amounts of IFN-y 
than those primed by the other LN-specific 
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Fig. 2. CD5 expression on DCs correlates with CD4* and CD8* T cell acti- 
vation. (A) CFSE dilution of allogeneic naive T cells primed by either CD5* or 
CD5 DCs isolated from an uLN from a patient with melanoma or from healthy 
human dermis. Representative results of three melanoma LN donors and at 
least 10 dermal DC donors are shown. (B) Proliferation index of allogeneic naive 
CD4* T cells (left) and CD8* T cells (right) primed by CD5* or CD5- LN DCs or 
CD5* and CD5~ dermal (der) DCs. Representative results of three melanoma 
LN donors and at least 10 dermal DC donors are shown. The color scale represents 
the fraction of cells that have diluted CFSE in each of the indicated cell divisions. 
(C) Number of IFN-y* TNF-a" CD4* T cells (left) and CD8* T cells (right) primed by 
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CD5* or CD5" LN DCs. Composite data of three experiments with three LN donors are 
shown. (D) TNF-o production measured in the cultures of T cells stimulated 

by CD5* or CD5” LN DCs (left) or CD5* or CD5~ dermal DCs (right) or by control 
CD14* DCs for 48 hours. Composite data of two experiments with two LN donors 
and two different dermal donors are shown. Data represent the means + SEM. 

(E) Flow cytometric gating scheme showing CD5", CD5'", and CD5"°2 DCs (live, 
lineage HLA-DR*CD11c*CD14-CD1a“™) (left). See also fig. S3A. Quantification 
of surface CD5 expression (right) on CDS", CD5'"*, and CD5"° dermal DCs using 
BD QuantiBrite beads. One representative quantification of three performed 
with DCs from three different donors is shown. PE, phycoerythrin. (F) Sorted 
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dermal CD5" (blue), CD5' (yellow), and CD5"°€ (red) DCs or control CD14* DCs 
(black) were cocultured with naive CD8* T cells at different DC*T cell ratios for 6 days 
before CD8* T cell numbers were determined using BD TruCOUNT beads. Composite 
data of three experiments performed with three different donors are shown; data 
represent means + SEM. (G) IFN-y expression by the proliferating CD8* T cells 
primed by dermal CD1a‘"" CD5", CD5'", or CD5"°2 DCs. One experiment 

of six performed with six different donors is shown. (H) Composite data of six 
experiments performed with six different donors are shown; data represent means 
+ SEM. (I) Granzyme B and perforin expression by proliferating (CFSE) CD8* 
CD5"°? DCs. One experiment of three performed 
with three different donors is shown. (J) Proportions of T-CTLs, D-CTLs, and 
M-CTLs induced by dermal CD1a‘“'" CD5", CD5'"', or CD5"°? DCs. Composite data 
of three experiments with three different donors are shown. (K) Activated CD4* 
T cell proliferation in response to different numbers of dermal CD1a‘¢'™ CD5" 


T cells primed by CD5", CD5'"* 0 


DC subsets [CD5-CD206°, CD206*CD5° DCs, 
or XCR1* DCs] (fig. $3, C and D). Other lym- 
phoid organs tested, including spleen and ton- 
sils, showed only scarce numbers of CD5* DCs 
compared with LNs (fig. $3, E and F). Thus, 
LN CDic*CD5* DCs may populate migrating 
skin DCs and share a functional similarity 
with the dermal CD1c*CD5* DCs in potenti- 
ating CD4* and CD8* T cell priming. 


CD5* DCs efficiently reactivate immunity 


We next assessed the role of CDic*CD5* DCs 
in reactivating influenza matrix protein M1 
(Flu-M1)-specific CD8* T cells. CD1c*CD5* DCs 
or CD1c*CD5" DCs, as well as CD14* DCs, were 
isolated from the dermis of human leukocyte 
antigen (HLA)-A2* donors and loaded with 
an 18-amino acid peptide that contains an 
HLA-A2-restricted epitope (amino acids 58 to 
66) derived from Flu-M1. The DCs were cul- 
tured with autologous CD8* T cells isolated 
from blood, and the expansion of Flu-M1- 
specific CD8* T cells was analyzed after 8 days 
by using a specific MHC tetramer (fig. S4A). 
CD5* DCs were notably more efficient at in- 
ducing greater numbers of antigen-specific 
CD8* T cells than CD5° DCs or CD14* DCs (12.6 + 
6.57% versus 2.85 + 1.45% versus 0.65 + 0.3%) 
(fig. S4B). The enhanced capacity to reactivate 
CDs* T cells was not restricted to HLA-A2. CD5* 
DCs purified from the dermis and cultured 
with autologous CD8" T cells in the presence 
of MHC I-restricted peptides from Epstein- 
Barr irus and cytomegalovirus induced more 
effector (granzyme B-producing) CD8* T cells 
than did CD5" and CD14" DCs (fig. S4C, left). 
Measurement of IFN-y production showed 
that dermal CDia““™ CD5* DCs activated 
twofold-stronger antigen-specific responses 
than their dermal CDi1a“"™ CD5~ counter- 
parts (fig. S4C, right). Similar results were 
obtained upon measurement of IFN-y release 
by CD8* T cells in response to an MHC I- 
restricted peptide pool [fig. S4, D (left) and 
FE]. A related approach revealed the greater 
efficiency of CD5* DCs in activating MHC II- 
restricted viral-specific CD4* T cell responses 
[fig. S4, D (right) and E]. Collectively, CD5* 
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(blue), CD5'"* (yellow), and 
were determined on day 6 


(L) Expression of IFN-y by 


is shown; data represent m 
over the brackets are P va 


DCs were potent inducers of antigen-specific 
memory CD8* and CD4* T cells against tumor- 
associated viral antigens. 


CD5 expression on DCs correlates 
with T cell priming 


To determine the impact of CD5 expression by 
DCs on the priming of effector T cells, we sorted 
the dermal CDic* DCs based on CD5 expression 
(CD5"™, cps, and CD5"°= DCs) (Fig. 2E, left). 
Using a directly conjugated primary mono- 
clonal antibody (mAb) and Quantibrite quan- 
tification beads, we estimated that CD5" DCs 
(blue) expressed ~10 times more CD5 mole- 
cules than the CD5" DCs and ~100 times more 
than the CD5"°° DCs (Fig. 2E, right). After a 
6-day coculture, we found that allogeneic naive 
CDs* T cell expansion (percentages and num- 
bers) was more effectively primed by cps" 
DCs than the expansion achieved by cps@™ 
and CD5"°* DCs (Fig. 2, F and G). Further, the 
frequencies of CD8* T cells that produced IFN-y 
(Fig. 2, G and H), as well as the frequencies of 
the effector molecules granzyme B and per- 
forin (Fig. 21), were higher after priming by 
CD5"™ DCs than the frequencies detected af- 
ter priming by CD5"™ and CD5" DCs (35.3 
versus 20.5 versus 17.9%, respectively, for IFN-y; 
25.3 versus 12 versus 5.29%, respectively, for 
granzyme B and perforin). 

We have previously defined three major 
subpopulations (monocytotoxic, dicytotoxic, 
and tricytotoxic) of CTLs (0); therefore, we also 
monitored the frequency of multifunctional 
CILs primed by CD5", cb5™, and CD5"= DCs. 
Monocytotoxic T lymphocytes (M-CTLs) express 
only a single effector molecule (granzyme B, 
perforin, or granulysin), whereas dicytotoxic 
T lymphocytes (D-CTLs) express such effector 
molecules in pairs and tricytotoxic T lympho- 
cytes (T-CTLs) express all three molecules. cps” 
DCs primed a higher frequency of T-CTLs and 
D-CILs than CD5'™ and CDs5"® DCs (Fig. 2J; 
85.5 versus 76.6 and 64.8%, respectively). Sim- 
ilar to the effect on CD8" T cells, CD5"™ DCs 
promoted substantially greater CD4* T cell 
proliferation (Fig. 2K) and IFN-y production 


(Fig. 2L) than CD5™ and CD5" DCs. 
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CD5"°S (red) DCs and CD14* (black) DCs. CD4* T cells 
using BD Trucount beads. Composite data of four 


experiments with four different donors are shown; data represent means + SEM. 


proliferating CD4* T cells primed by dermal CD1a‘" 


CD5", CD5'"t or CD5"°€ DCs. One experiment of three performed with three 
different donors is shown. (M) Proliferation of CD8* (left) and CD4* T cells (right) 
after stimulation with CD5* and CD5~ DCs and anti-CD5 blocking mAb. Composite 
data of two experiments performed with two different donors in triplicates are 
shown. CTV, CellTrace Violet proliferation dye. (N) IL-2 production measured 

in the culture supernatant of T cells after stimulation with CD5* or CD5” DCs in the 
presence or absence of anti-CD5 blocking mAb (LT-1). Composite data of three 
experiments performed with three different donors in duplicates or triplicates 


eans + SEM. In (C), (D), (H), (M), and (N), the numbers 
ues. 


Next, we used an anti-CD5 mAb reported to 
block the immunogenicity of CD5 in a soluble 
state (30) to assess the importance of CD5 in 
inducing T cell activation. Indeed, the pres- 
ence of this anti-CD5 mAb reduced the pro- 
liferation of both CD8* (Fig. 2M, left) and CD4* 
(Fig. 2M, right) T cells, as well as cytokine se- 
cretion in the culture supernatant (Fig. 2N). 
This effect was substantial in CD5* DC:T cell 
cocultures, which suggests a key role for CD5 
on DCs in their interaction with T cells. 


CD5 expression on human DCs directly 
enhances T cell priming 


To assess the contribution of CD5 expressed 
on DCs to T cell priming, we used a CRISPR 
gene activation approach (CRISPRa) to up- 
regulate CD5 expression on CD5 DCs (43). 
CD5° DCs were nucleofected with single guide 
RNAs (sgRNAs) that target the CD5 promoter 
and dCas9-VP64-p65-Rta (VPR) mRNA or dCas9- 
VPR mRNA alone. We obtained a marked up- 
regulation of CD5 expression (CD5_CRISPRa 
DCs; 77%) on DCs compared with control cells 
as early as 24 hours after nucleofection (Fig. 3, 
A and B). This expression was sustained on a 
subset of cells for 2 days and then declined (Fig. 
3B). CD5 up-regulation was not associated with 
up-regulation of costimulatory molecules CD72, 
CD40, CD70, CD80, or CD155, as detected by 
RNA-seq (Fig. 3C) and flow cytometry (Fig. 3D). 

Next, we assessed the impact of CD5_CRISPRa 
on allogeneic naive T cell priming (Fig. 3E). 
Carboxyfluorescein succinimidyl ester (CFSE) 
dilution analysis showed that CD5_CRISPRa 
DCs induced an increase in T cell proliferation 
(Fig. 3F) and primed higher numbers of T cells 
that produce IFN-y and TNF-o than control DCs, 
as determined by intracellular staining (Fig. 
3G). CD5 expression on DCs also led to increases 
in IFN-y (Fig. 3H) and the T},2 cell cytokine IL-13 
in the culture supernatants (Fig. 31). 

To determine the impact of CD5 on T cell 
activation by other types of DCs, we induced 
monocytes to differentiate into DCs (moDCs) 
by incubation with granulocyte-macrophage 
colony stimulating factor (GM-CSF) and IL-4 
for 5 days. Similar to dermal CD14* DCs, which 
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Fig. 3. Up-regulation of CD5 on human DCs promotes effector T cell 
activation. (A) Flow cytometric analysis of CD5 expression in CD5- dermal DCs 
48 hours after nucleoporation with or without dCas9-VPR mRNA and sgRNAs. 
One representative plot of eight experiments is shown. (B) Flow cytometric 
analysis of CD5 expression on dermal CD5° DCs 1 to 6 days after nucleoporation 
with dCas9-VPR mRNA and CD5a sgRNAs or control dCas9-VPR. Symbols 
indicate values from individual donors. Composite data of CD5 expression analyzed 
1 day (n = 7 donors), 2 days (n = 8 donors), 3 days (n = 2 donors), 4 days 

(n = 4 donors), and 6 days (n = 2 donors) after nucleofection are shown. 

(C) Volcano plot showing differentially expressed genes between control dCas9-VPR 
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mRNA-electroporated CD5° DCs and CD5_CRISPRa DCs. Genes up-regulated 
and down-regulated in CD5_CRISPRa DCs are shown in blue and red, 
respectively. (D) Flow cytometric analysis of the expression of CD72, CD40, 
CD70, CD80, and CD155 by control dCas9-VPR mRNA-electroporated CD5- DCs 
and CD5_CRISPRa DCs 24 hours after nucleofection. Composite data of at 
least four donors analyzed for each marker are shown. (E) Workflow used in (F) 
to (I). CT, control. (F) Numbers of T cells with diluted CFSE (one division or 
more) as analyzed on day 6 of the coculture. Composite data of four performed 
experiments with five donors are shown. (G@) CD5_CRISPRa or dCas9-VPR 
mRNA CT dermal DCs were cultured for 6 days with allogeneic naive CD4* and 
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CD8* T cells. Percentages of IFN-y- and TNF-c—expressing T cells were determined 
by flow cytometry 6 hours after activation. One representative experiment out of 
three performed is shown (left). The graph shows composite data of three 


independent experiments; data represent means + SEM (| 
by T cells after activation for 48 hours with CD5_CRISP' 


dCas9-VPR mRNA. One representative experiment of five performed with five 
different donors is shown. Data represent means + SEM (n = 3) (left 
data of four additional experiments performed in the same way using CD5_CRISPRa 


dermal DCs or dCas9-VPR mRNA CT DCs (right). (I) T 
production after activation of T cells for 48 hours with C 


mRNA. The graph shows composite data of four independent experiments. 


(J) CD5 expression in moDCs 2 days after nucleoporat! 


VPR mRNA and sgRNAs. One representative experiment of five performed with 


are of monocytic origin, these cells do not ex- 
press CD5 (18). We then induced CD5 expres- 
sion by moDCs using CRISPRa and evaluated 
the stability of its expression on the cell sur- 
face by flow cytometry. The highest CD5 ex- 
pression was detected on day 2 (Fig. 3, J and 
K). CD5 was reduced on day 3 and was further 
reduced by day 5 (Fig. 3K). Similar to the 
results obtained with skin DCs, CD5_CRISPRa 
moDCs induced higher naive allogeneic T cell 
activation than nonactivated moDCs, which 
was indicated by the production of IFN-y and 
TNF-a, as detected by intracellular staining 
(Fig. 3L) and in the culture supernatant (Fig. 
3M). Moreover, CD5_CRISPRa moDCs were 
~1.6 times more efficient than control moDCs 
at prompting reactivation of autologous ef- 
fector Flu-M1-specific CD8* T cells, as measured 
by the binding of a specific MHC tetramer 
(fig. S5, A and B). Overall, our data indicate 
that CD5 on DCs functions to activate effector 
T cell responses. 


CD5 is functional on mouse DCs 


We verified earlier studies in mice (15, 22, 24) 
showing that CD5 is expressed on splenic and 
LN DCs (fig. S6A) and further identified them 
particularly on resident LN DCs (fig. S6, B and 
C). In contrast to human DCs, CD5 was not re- 
stricted to a certain DC lineage in mice but was 
instead detected on the two conventional DC 
subsets: cDC1 (CD24°XCR1") and cDC2 (shown 
as CD172a/SIRP-a* CD24: ) (fig. S6, D to F). To 
gain a better understanding of the intrinsic roles 
of CD5 on DCs in pathological conditions in vivo, 
we generated conditional CD5 knockout (KO) 
mice using CRISPR-Cas9 technology to delete 
CD65 specifically in DCs [CD5ADC; fig. S6, A, 
E, and F, and (44)]. Compared with DCs, T 
cells expressed higher levels of CD5, and the 
T cells’ CD5 expression remained high in the 
CD5ADC mice, in which Cd5 is deleted under 
the control of the Zbtb46 promotor (fig. S6, A, 
G, and H). This was in contrast with the CdliIc 
(Itgax)-Cre line, which was not specific for DCs 
and led to CD5 deletion in 50% of T cells (fig. 
S6H). Quantification of the number of CD5 
molecules on the surface of the DCs revealed 
higher expression of CD5 on cDC2 than cDC1 
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(fig. S61). Deletion of CD5 on DCs in CD5ADC 
mice was not complete relative to mice with 
global deletions in CD5 (CD5KO mice) (fig. S6, 
J and K) but was greater than in mice missing 
one allele of CD5 (heterogeneous) (fig. S6L). We 
did not detect differences in gene expression 
in cDC1 or cDC2 isolated from CD5ADC mice 
versus control mice (fig. S6M), particularly re- 
lated to immune checkpoint proteins such as 
CD86, CD40, and programmed cell death 
ligand 1 (PD-L1) (fig. S6N). The numbers of DCs 
Gncluding cDC1, cDC2, and plasmacytoid DCs) 
and T cells (CD8* or CD4"* T cells) in CD5ADC 
mice were also comparable to those in control 
mice in both spleens and LNs (fig. S60). 

To evaluate the potential requirement for ex- 
pression of CD5 by DCs to mount immune re- 
sponses to tumors in vivo, we adopted a mouse 
model of tumor generation using a modified 
3-methylcholanthrene (MCA)-induced syn- 
geneic sarcoma cell line (MCA1956) that ex- 
presses membrane-associated ovalbumin (OVA) 
(MCA1956-mOVA) (45) (Fig. 4A). In this model, 
tumor elimination is dependent on antigen 
presentation by DCs through the expression of 
mOVA that converts MCA1956 tumors into 
regressor tumors. Tumor elimination was ob- 
served in 14 out of 15 wild-type (WT) (control) 
mice (Fig. 4, B and C). By contrast, CD5ADC 
mice (9 out of 11) failed to reject mOVA tumors, 
thus confirming a requirement for CD5 expres- 
sion by DCs for tumor rejection (Fig. 4, B and 
C). Of note, a single copy of CD5 was sufficient to 
induce tumor rejection (Fig. 4C). Furthermore, 
SIINFEKL-H-2K° tetramer* CD8* T cells ex- 
panded in control mice in response to MCA1956- 
mOVA but were reduced in CD5ADC mice 
(Fig. 4D). Overall, our data indicate that CD5 
on DCs functions to activate antitumor effec- 
tor CD8" T cell responses. 


CD5 expression on DCs is required for 
de novo priming of CD5"CD4* conventional 
T cells by DCs 


To determine whether CD5 on DCs also reg- 
ulates CD4* T cell responses, we performed 
antigen-specific T cell activation assays by 
culturing CD5-deficient DCs (from CD5ADC 
mice or CD5KO mice) or control cDC2s with 


023 


five donors is shown. (K) Composite data of CD5 expression analyzed 1 day (n = 
5 donors), 2 days (n = 4 donors), 3 days (n = 3 donors), and 5 days (n = 3 donors) 
after nucleofection are shown. (L) Frequency of IFN-y- and TNF-a-expressing 

T cells after 6 days of activation with CD5_CRISPRa or dCas9-VPR mRNA 
moDCs. One representative experiment of three performed is shown. Data 
represent means + SEM (left). Composite data of three experiments performed 
with three different donors are shown (right). 
measured in the culture supernatant of naive 
with CD5_CRISPRa or dCas9-VPR mRNA moDCs at a T:DC ratio of 33:1 or 
67:1. One representative experiment is shown. 
(left). Composite data of three additional experiments performed at a T:DC ratio 
of 40:1 in duplicates or triplicates with three different donors are shown (right). 
In (B), (F) to (I), and (K) to (M), the numbers over the brackets are P values. 


M) IFN-y production that was 
T cells after 2 days of activation 


Data represent means + SEM 


purified T cells from OT-II mice (Fig. 4E) in the 
presence of a long peptide containing the 
MHC II-restricted epitope. We determined 
the level of T cell proliferation and activation 
based on CFSE dilution and CD44 expression. 
After loading with antigenic peptide, CD5- 
deficient cDC2s from CD5ADC mice were less 
efficient at activating CD4* OT-II T cells than 
controls (Fig. 4E). In addition, consistent with 
the greater deletion of CD5 in CD5KO DCs, 
the proliferation and activation of OT-II T cells 
was lower than that of the CD5ADC2s for all 
tested peptide concentrations (Fig. 4E). More- 
over, the amount of CD5 on the proliferating 
T cells correlated with the expression on the 
DCs (Fig. 4F); that is, control DC-activated 
T cells expressed higher amounts of CD5 com- 
pared with those activated by CD5-deficient 
DCs (CD5ADC or CD5KO). 

To confirm these findings in vivo, we inves- 
tigated the potential requirement for CD5 on 
DCs for the priming of cbs"cD4* conven- 
tional T cells. We examined early CD4* T cell 
proliferation in response to OVA synthetic 
long peptide (SLP) vaccine by transferring 
OVA-specific OT-II transgenic CD4 T cells 
into control or CD5ADC mice (Fig. 4G). OT-IT 
cells underwent cell division in the spleen of 
control mice, consistent with recognition of 
OVA393-339 Deptide-MHC II complexes on DCs, 
and the proliferating cells expressed high lev- 
els of CD5 [Fig. 4, H and I (blue)]. By contrast, 
CD5 expression on proliferating OT-II cells was 
markedly reduced in CD5ADC mice wherein 
the CD5 expression on DCs is targeted for de- 
letion and was absent on OT-II cells activated 
in CD5KO mice, which are characterized by 
complete deletion of CD5 [Fig. 4I (red and 
black)]. Overall, these data show that CD5 
levels on DCs have a direct impact on CD5 
expression on primed T cells. 


Optimal benefit of ICB therapy requires CD5* DCs 


We next evaluated the potential requirement 
for CD5 expression by DCs to mount immune 
responses to tumors in vivo using mouse tu- 
mor models that are dependent on DCs for 
tumor elimination by ICB therapy (Fig. 4J). We 
first analyzed responses to MCA1956 tumors 
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Fig. 4. Deletion of CD5 on DCs compromises the response to ICB therapy 
and modulates T cell immunity in vivo. (A) Workflow of MCA1956-mOVA 
tumor growth in WT control (CT) or CD5ADC mice. (B) MCA1956-mOVA tumor 
growth in CT or CD5ADC mice. Results depict tumor growth curves of individual 
mice from three pooled experiments: CT (WT) (n =15) and CD5ADC (n = 11). 
(C) MCA1956-mOVA tumor growth in CT, CD5ADC, or CD5'*™ heterozygous 
(HET) mice. Combined tumor growth curves for CT (n = 15), CD5ADC (n = 11), and 
HET (n = 3) mice are shown. Overall group difference average as measured 
across time for CD5ADC versus CT (P = 0.0055) and CD5ADC versus HET (P = 0.0087). 
There was no difference between HET and CT. Data represent means + SEM. 
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(D) Binding of OVA:I-A? tetramer to TDLN cells isolated from MCA1956-mOVA- 


bearing CT and CD5ADC mice. Data represent means + SEM (n = 4). (E) Inv 
OT-Il cell proliferation in response to cDC2s isolated from CT, CD5ADC, and 
CD5KO mice and cultured with SLP from the OVA protein (OVA-SLP) that 

contains the MHC Il-restricted peptide. One representative experiment of th 


is shown. The plot shows means + SEM of three experimental replicates (left). 


Proliferated OT-II cells in response to cDC2s loaded with 0.7 ug/ml SLP. The 
mean of three pooled experiments is displayed with normalization to the con 


itro 


ree 


trol 


(right). (F) CD5 mean expression on OT-II cells proliferating in response to cDC2s 


isolated from CT, CD5ADC, or CD5KO DCs (left). Data represent means + SE 
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of three pooled experiments displayed with normalization to the control (right). 
(G) Workflow of OVA-SLP vaccination and analysis of the immune response. 
(H) Representative plot showing CD5 expression on proliferating OT-II T cells in 
CT or CD5ADC mice in vivo. (I) Frequency of proliferating CD5*OT-II* cells 
isolated from the spleen of CT (n = 5), CD5ADC (n = 4), or CD5KO (n = 2) mice 
(left). Mean CD5 expression on proliferating OT-II T cells in CT (n = 5), CDS5ADC 
(n = 4), or CD5KO (n = 2) mice in response to SLP vaccine in vivo (right). 

(J) Workflow of the analysis of immune cell infiltration of MCA1956 tumors in mice 
treated with anti-PD-1 or IgG2a isotype control. Part of the illustration was 
created with Biorender.com. (K) Tumor growth from CT mice injected with 
immunoglobulin G2a (lgG2a) isotype control or anti-PD-1 antibodies (18 to 23 mice 
per group). Data represent the results of four pooled experiments. (L) Tumor growth 


in WT control and CD5ADC mice. MCA1956 
tumors grew progressively in both control and 
CD5ADC mice [Fig. 4, K (left) and L (left)]. 
However, whereas control mice responded 
effectively to anti-PD-1 ICB therapy (P > 0.0001) 
(Fig. 4K, right), CD5ADC mice responded less 
efficiently and the tumor was not rejected 
(Fig. 4L, right). Whereas 18 out of 23 tumor- 
bearing control mice responded to anti-PD-1 
treatment and 15 out of 23 completely re- 
jected the tumor, only 2 out of 18 CD5ADC 
mice rejected tumors, with an average tu- 
mor size at day 21 after anti-PD-1 treatment 
of 2.1 + 0.7 mm in control mice compared 
with 8.6 + 1.2 mm in CD5ADC mice (Fig. 4M). 
Similar results were obtained using anti- 
CTLA-4 therapy (Fig. 4N). Compared with 
control mice, CD5ADC responded less effi- 
ciently to the treatment. The average tumor 
size at day 18 after anti-CTLA-4 treatment 
was 4.1 + 0.9 mm in control mice compared 
with 8.2 + 0.6 mm in CD5ADC mice. At this 
early time point, 5 out of 13 control mice had 
already rejected the tumors, whereas none of 
the CD5ADC mice showed complete rejection 
of the tumors (Fig. 4N). 


The CD5" T cell population is expanded 
in the TME of CD5ADC mice 


To understand the impact of the absence of 
CD5 expression on DCs in shaping the T cell 
milieu in the TME, we examined the immune 
infiltrates in the tumor and TDLNs of MCA1956- 
bearing control or CD5ADC mice by flow cy- 
tometry (Fig. 4, O and P). We found that CD8* 
and CD4* T cells were equally represented in 
tumor infiltrates from control and CD5ADC 
mice after ICB therapy (fig. S7A), and no dif- 
ference in regulatory T cell infiltrates was 
detected (fig. S7B). Although no difference in 
CD5 expression was observed on CD4*" T cell 
subsets under steady-state conditions (fig. S7C), 
CD5 expression on the primed CD4* T cells 
in the TDLNs of CD5ADC mice was lower than 
that in the control mice after ICB therapy 
(5443 + 436 versus 6555 + 494). This further 
emphasizes that CD5 on DCs modulates CD5 
expression by CD4"* T cells, which are critical 
for tumor rejection, during an immune re- 
sponse at the site of activation (Fig. 40) (46). 
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Reduced CD5 expression on CD4" T cells was 
also detected in the tumor infiltrates of CD5ADC 
mice relative to CT mice (2002 + 337.3 versus 
3161 + 495) (Fig. 4P). CD5 expression on the 
CD4* T cells in the tumor was lower than 
that detected in the TDLNs (3161 + 495 ver- 
sus 6555 + 494) [Fig. 4, O and P (blue)]. For 
control tumor-infiltrating lymphocytes, CD5 
expression on the CD8* T cells was lower than 
that on the CD4* T cells (1851 + 302 versus 
3161 + 495), with no difference in CD5 expres- 
sion on CD8* T cells in control mice compared 
with that of the corresponding population in 
CD5ADC mice (fig. S7, D and E). Anti-CD3 
induced CD5 up-regulation in T cells that 
were isolated from CD5ADC mice, which con- 
firmed that the priming of CD5"° T cells was 
directly affected by CD5-deficient DCs (fig. 
S7F). Anti-PD-1 or anti-CTLA-4 alone did not 
modulate CD5 expression on T cells (fig. S7F), 
supporting the requirement for T cell recep- 
tor (TCR) stimulation by DCs. Additionally, 
the frequency of inducible T cell costimula- 
tor (ICOS)*CD4* T cells was reduced in tu- 
mor infiltrates of CD5ADC mice compared 
with those of control mice (fig. S7G, left). By 
contrast, a higher frequency of T cell im- 
munoreceptor with immunoglobulin and im- 
munoreceptor tyrosine-based inhibitory motif 
domains (TIGIT)*CD4 T cells was found in 
the tumors of CD5ADC mice after anti-PD-1 
treatment (fig. S7G, right). The frequency of 
activated (fig. S7H, left) and granzyme B- 
expressing CD8" T cells was also reduced in 
tumor infiltrates of CD5ADC mice (fig. S7G, 
right). 

We next used the MC-38 colorectal cancer 
model to determine the effect of the dele- 
tion of CD5 expression by DCs in the priming 
of tumor-specific CD8* T cells. Neoantigen- 
specific CD8* T cells that are reactive against 
the mutated epitopes from the adenosine di- 
phosphate (ADP)-specific glucokinase (ADPGK) 
proteins were detected in control tumors. How- 
ever, the frequency of these antigen-specific CD8* 
T cells was reduced in tumors from CD5ADC 
mice (fig. S8, A and B). Moreover, CD5 ex- 
pression on the antigen-specific T cells was 
lower after priming by CD5ADCs relative to 
that of cells primed by control DCs (fig. S8C). 
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are P values. [Illustrations i 


from CD5ADC mice injected with IgG2a isotype control or anti-PD-1 antibodies (18 to 
23 mice per group). Data represent the results of four pooled experiments. (M) Mean 
tumor diameter in CT or CD5ADC mice on day 21 after implantation and treatment 
with IgG2a isotype control or anti-PD-1 antibodies. Data represent the results 

of four pooled experiments. (N) Mean tumor diameter in CD5ADC and CT mice on 
day 24 after implantation and treatment with isotype control or anti-CTLA-4 
antibodies. (0) CD5 expression by CD4* T cells in the lymphoid immune compartment 
in the TDLNs of CD5ADC or CT mice treated with isotype control or anti-PD-1 
antibodies. (P) CD5 expression by CD4* T cells in the lymphoid immune 
compartment in the tumor of CD5ADC or CT mice treated with isotype control or 
anti-PD-1 antibodies. In (D) to (F), (I), and (M) to (P), the numbers over the brackets 
n (A), (G), and (J) created with Biorender.com] 


Overall, these data show that deletion of CD5 
expression on DCs favors the expansion of 
CD5" T cells and the reduction of tumor-specific 
CDs" T cells. 


CD5 deletion on T cells dampens tumor 
elimination in response to ICB therapy 


To address the impact of low CD5 expres- 
sion by T cells in restraining tumor rejection 
in CD5ADC mice, we developed mice with 
CD5-deficient T cells by crossing Cd5®*/"* 
(cd5"") mice with Cd4"** mice (CD5AT) (fig. 
S9, A and B). In these animals, CD5 expres- 
sion is maintained on DCs but is deleted in 
both CD4* and CD8* T cells (fig. S9, C and D). 
There was no significant difference in the fre- 
quency of T cells (fig. S9E) or DC frequency 
(fig. SOF) in CD5AT mice compared with con- 
trol mice or in the expression of CD38, acti- 
vating (ICOS), or inhibitory (PD-1) molecules 
(fig. S9G). MCA1956 tumor growth was com- 
parable in control and CD5AT mice (Fig. 5, 
A and B). However, whereas the majority of 
the control mice (13 out of 16) responded to 
anti-PD1 treatment, with eight completely 
rejecting the tumor, none of the CD5AT mice 
(O out of 14) responded to the treatment (Fig. 
5, C and D). Furthermore, CD5AT mice (25 
out of 27) failed to reject MCA1956-mOVA 
cells, which were rejected spontaneously in 
control mice (Fig. 5E; P < 0.0001). This was 
also reflected by the reduced frequencies of 
OVA-positive CD8* T cells in the tumor (Fig. 5F, 
left) and spleen (Fig. 5F, right) of CD5AT mice. 
This result was not restricted to the MCA1956 
tumor because the failed tumor rejection by 
CD5AT mice in response to anti-PD-1 treat- 
ment was also observed in the murine MC-38, 
adenocarcinoma of the colon, tumor model 
(fig. S10). Control mice efficiently rejected the 
tumor in response to anti-PD-1 treatment (P = 
0.0007); however, CD5AT mice failed to respond 
(fig. SIOA), which correlated with reduced fre- 
quencies of tetramer-positive CD8* T cells spe- 
cific for the neoantigens ADPGK and RALBP1 
associated Eps domain containing 1 (REPS1) in 
the tumor (fig. S10, B and C). Collectively, these 
data suggest that high CD5 expression on T cells 
facilitates the control of tumor growth in re- 
sponse to ICB therapy. 
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Fig. 5. Deletion of CD5 on T cells compromises effector T cell priming and 
response to ICB therapy. (A) Workflow of tumor growth in control (CT) or CDSAT 
mice. MCA1956 tumor growth in CT (WT) or CD5AT mice injected with lgG2a isotype 
control or anti-PD-1 antibodies. [Illustration created with Biorender.com] (B) Results 
depict tumor growth curves of individual mice from three pooled experiments for 
CT (n = 12) and CD5AT (n = 13). (C) Results depict tumor growth curves of individual 
mice from three pooled experiments for CT with anti-PD-1 (n = 13) and CD5AT 

with anti-PD-1 (n = 16). Overall group difference as measured across time for CD5AT 
versus CT (P < 0.0001). (D) Average tumor growth on day 21 in CT or CD5AT mice 
treated with anti-PD-1 or isotype control IgG2a. Data represent means + SEM. 
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(E) MCA1956-mOVA tumor growth in CT or CD5AT mice. Results depict tumor growth 


curves of individual mice from three pooled experiments for CT (n = 15) a 
(n = 8). Overall group difference as measured across time for CD5AT versus 
(P < 0.0001). (F) Frequency of OVA-specific CD8* T cells that were detected 


nd CD5AT 
CT 
in the 


tumor (left) and spleen (right) of CT and CD5AT mice 10 days after tumor cell 


inoculation. Data represent means + SEM. (G) Expression of CD5 on T 
(gated on live, CD45*CD19°CD3"; plots show CD4 expression versus CD5 
expression) in iLNs and uLNs of two representative patients, Mel028 an 
(H) Composite data showing the frequency of CD5* T cells in iLNs an 
10 patients with melanoma. Data represent means + SEM. (I) CD5 an 


cells 


d Mel018. 
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expression on CT or hCD5SAT cells after coculture with DCs. (J) CD5 geometric mean 
expression on CT or hCD5AT CD4* or CD8* T cells before coculture with DCs. 
Composite data of four donors are shown. Data represent means + SEM. 

(K) Experimental scheme for (L) to (N). (L) Frequency of IFN-y expression by 
CD4* and CD8* T cells in CT or hCD5AT cultures with CD5* or CD5~ dermal DCs. 
Data represent one experiment of four performed. (M) Flow cytometric frequency 
analysis of IFN-y expressed by CT or hCD5AT CD4* (left) or CD8* (right) T cells 


CD5 deletion on human T cells mirrors CD5 
deletion on DCs 

To determine the correlation between CD5* 
DC density and CD5 levels on T cells in human 
tumors, we assessed the expression of CD5 on 
T cells in iLNs and patient-matched uLNs by 
CyTOF. We found that a larger fraction of 
T cells (both CD4* and CD8* T cells) in the 
uLNs expressed CD5 and that this proportion 
was reduced in the corresponding metastatic 
tumor LNs (Fig. 5, G and H). To determine 
the functional requirement for CD5 expres- 
sion on human T cells, we designed an sgRNA 
for CD5 disruption in primary human T cells 
using a nonviral CRISPR-Cas9-based protocol 
(47). We confirmed the gene deletion effici- 
ency by insertion-deletion (indel) analysis (fig. 
S11A) and flow cytometry (Fig. 5I and fig. S11B). 
CD5 disruption was effective in both CD4* 
and CD8* T cells (Fig. 5J and fig. S11B). Sim- 
ilar to mice, the expression of CD5 was higher 
on CD4* T cells than on CD8" T cells (Fig. 5J 
and figs. S9A and S11B). CD6, the expression 
of which parallels CD5 expression in T cells 
(48, 49), was not affected in the human CD5- 
deleted T cells (ACD5AT) (Fig. 5I and fig. S11C). 
In addition, there was no substantial differ- 
ence in the expression of activating and inhibi- 
tory receptors, including CD69, PD-1, CCR7, and 
CD25 (fig. S11, C and D, and table S3). We then 
stimulated unedited control T cells or hCD5AT 
cells with CD5” or CD5* DCs and measured the 
production of effector cytokines (Fig. 5, K to 
N, and fig. S11, E and F). Compared with the 
control cells, hCD5AT cells (both CD4* and 
CD8*) produced lower amounts of IFN-y. In- 
deed, CD5 expression on T cells was important 
for T cell activation but was inhibited when 
CD5 was also expressed by the primed DCs, 
indicating a critical role for CD5 on DCs in the 
interaction of CD5 on T cells (Fig. 5, L to N, 
and fig. S11, E and F). This was determined 
by the amounts of cytokines detected by in- 
tracellular staining of IFN-y in CD4* (Fig. 
5M, left) and CD8* T cells (Fig. 5M, right, 
and fig. SIE) and in the culture supernatant 
amounts of IFN-y and IL-5 (Fig. 5N and fig. 
SIIF). Although gene expression analysis of 
CD5 ligation on T cells indicated no changes 
in expression (table S4), T cell CD5 potenti- 
ated the production of TCR-induced T cell 
cytokines IFN-y and TNF-o when cross-linked 
by two clones of anti-CD5 mAb [#OKT1 (fig. 
$12A) and Novus #T1 (fig. $12B)] that func- 
tion as agonists. Overall, these data demon- 
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strate that engagement of CD5 on T cells in 
concert with TCR stimulation potentiates in- 
flammatory T cell responses, which are a crit- 
ical component of the response to ICB therapy 
in patients. 


CD5* DCs are increased in response to ICB therapy 


To better understand the mechanism by which 
CD5* DCs promoted a favorable response to 
ICB therapy in control mice, we examined 
the frequency of CD5* DCs in the tumors and 
TDLNs of mice 11 to 13 days after MCA1956 
cell inoculation (Fig. 6A). Although the DC 
(fig. SIZA) and macrophage (fig. S13B) fre- 
quencies were not altered in response to ICB 
therapy, such treatment up-regulated the CD5* 
DC frequency in both the tumor (Fig. 6B) and 
the TDLN (Fig. 6C) DC1 and DC2 compartments. 
This effect of anti-PD-1 was also seen with 
the MC-38 tumors (fig. S13C). Mechanistically, 
this effect was likely not due to enhanced mi- 
gration. CD5* DCs were mainly found within 
resident LN DCs (identified by IE/IA’CD11c"™; 
fig. S13D, left) and showed lower levels of CCR7 
than the CD5 DCs (fig. S13D, right), albeit its 
expression was slightly increased after anti- 
PD-1 treatment, particularly on CD5* DCIs (fig. 
S13E). In addition, there was no impact on the 
CD5* DC proliferative state after anti-PD-1 
treatment, although CD5* DCs expressed higher 
levels of K;-67 than the CD5° DCs (fig. S13F). 
Importantly, however, CD5* DCs were more 
resistant than CD5° DCs to apoptosis in vitro 
(Fig. 6D), and CD5* DCs, including CD5* DCls 
and CD5* DC2s but not CD5" DCs, were ~50% 
more resistant to apoptosis in the presence of 
anti-PD-1 in vivo (Fig. 6E and fig. S13G). Over- 
all, these data indicate that CD5* DCs are tar- 
gets of immune suppression in the TME, thus 
implicating the priming of new T cells by CD5* 
DCs as a critical step for the efficiency of ICB 
therapy. 


Low levels of IL-6 promote the development 
of CD5* DCs 


To determine factors that might promote CD5* 
DC development and persistence in response 
to anti-PD-1, we studied the properties of DCs 
from a patient with inherited PD-1 deficiency. 
This revealed that a higher proportion of DCs 
in this patient expressed CD5 compared with 
control subjects (Fig. 6F) (50). We thus hypothe- 
sized that this increased frequency of CD5* 
DCs might be caused by the excessive IL-6 pro- 
duction in this patient. Moreover, we detected 
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cocultured with either CD5* or CD5" DCs. Data represent one experiment of four 
performed with four different donors (see also fig. SLIE). Each dot indicates a 
technical replicate. Data represent means + SEM. (N) IFN-y production measured 
in the culture supernatant of either CT T cells or hCDSAT cells cocultured with 
either CD5* or CD5- DCs. Composite data of four experiments performed with 
four donors are shown. Data represent means + SEM. In (D), (F), (H), (J), (M), and 
(N), the numbers over the brackets are P values. 


an increase in IL-6 production by immune cells 
in the TME of mice treated with anti-PD-1 (Fig. 
6G). Indeed, the presence of IL-6 during DC 
differentiation from bone marrow (BM) progen- 
itors favored the development of CD5* DCs 
(Fig. 6, H and I). High concentrations of IL-6 
(250 ng/ml) skewed the development from 
DC1 toward DC2 [SIRP-o"; fig. S13H (dark 
blue)] (51, 52); however, low IL-6 concentra- 
tions (below 20 ng/ml) increased the expres- 
sion of CD5 on both of these DC subsets [Fig. 6, 
H and J, and S13H (light blue)]. The same pat- 
tern was observed in human DCs, with the 
presence of IL-6 found to promote the differ- 
entiation of CD5* DCs from cord blood CD34* 
hematopoietic progenitor cells (HPCs) [Fig. 6, 
J and K, and fig. S13, I, J (dark blue), and K]. 
To determine whether IL-6 up-regulates CD5 
expression rather than increasing the dif- 
ferentiation of CD5-expressing murine DCs, 
purified splenic DCs were exposed to IL-6 for 
5 days (fig. S13L). Similarly, sorted human 
dermal CD5* and CD5~ DCs were exposed to 
IL-6 (fig. SI3M). Under these conditions, CD5 
remained on the surface of the positive cells, 
and its expression did not change on terminally 
differentiated mouse DCs (fig. S13L) or human 
DCs [fig. S13M, left (blue)]. Moreover, CD5 ex- 
pression was not detected on IL-6-stimulated 
CD5° DCs [fig. S13M, left (red) and right]. IL-23, 
which was also abundant in the PD-1-deficient 
patient, did not affect CD5 expression on CD5— 
DCs (fig. S13N) nor did it have any impact on 
CD5* DC differentiation from mouse BM pro- 
genitors (fig. S130) or human CD34* HPCs 
[fig. S13, J (orange) and P]. Moreover, liga- 
tion of CD5 on human DCs with an agonistic 
mAb (fig. S14, A and B) promoted the produc- 
tion of cytokines and up-regulation of gene 
pathways related to IL-6 and TNF-o signaling 
(fig. S140), as well as other genes associated with 
DC differentiation [colony-stimulating factor 2 
(CSF2), GMCSF, survival (BCL2), and tumor 
immune cell infiltrate (SERPINET) (53, 54) (fig. 
$14, D and E, and tables S5 and S6). Thus, low 
levels of IL-6 promote the differentiation of 
CD5* DCs and may further explain the re- 
duced apoptosis and increased frequencies of 
CD5* DCs after PD-1 inhibition. 


Discussion 


In this study, we investigated the mechanisms 
that underlie DC-mediated effector T cell 
priming, focusing on the role of CD5 expressed 
by these interacting cell types. Our results 


11 of 16 


RESEARCH | RESEARCH ARTICLE 


A ies 0.0443 Cc 0.0076 
" Tumor — TDLN 
5? -% 0.0214 si 50 0.0015 
5 40 2 40. mm 40 . 40. 
anti-PD-1 treatment e a . Z a * " 
2a peor) Sa, 3 30 = 90, 5 = = 30 5 
10 McA19560¢ Ty & ie & é 3 Po 3 “ 
Pie inoculation? 2 3 Tumors = i 5 op, “ a alle 8 . 
is TDLN penn 8 20 8 ie 20 z ig 20, 
ee ee 2 Foes fb 8 8 x ft 
Day: tp 10 ig 10 10-4 | ss) peed io] fa 
i 8 . esi 
is} 5 © obs, oe . . 
cTercosape 0 T 0 0. 
0 3 6 9 11:13 a a A N A ; A N 
é Ss mer oA ie) Ss co 
Ss x oe s 
D 24h 4 0.0013 
ant <0.0001 0.0190 
| os | rm 
ol ow 
z ‘ 
8 ie 
$2 a 
> ¢ H ; 
s Elles 1 fe 
4 1 
oO 8.10 
i il 
: otf 
SPIE SEES 
ad SIS ISS 
FES SOK 
E CD5+ DC1 CD5+* DC1 + anti-PD-1 CD5+ DC2 CD5+ DC2 + anti-PD-1 
“Ts1.5 48.5 744 25.6 73.0 27.0 — 14.0 
| = 
: 
=| 
BrdU > 
F G ah Tumor 
CD5 CT APD-1 brother APD-1 patient ' Bo 
3 0.0122 
a, | 
a 2 15 . 
2 A 1 
ow 4, a 0.0 g S) 
g g g 3 on 
o a a, -2.5 Ss x oy 
< < < . Ss = [ 
S S S . s 254. . Fam 
=) = 5 -5.0 o g re A 
7 
5 ® itt 
a Ao rk 
-14 -13 -12 -11 -10 -14 -13 -12 -11 -10 -14 -13 -12 -11 -10 oe YS 
UMAPBC_1 UMAPBC_1 UMAPBC_1 < 
x 
H | 0.0101 
ith. BM-DCs 
FLT3-L FLT3-L + IL-6 0.0007 
A. = cD24* 
o 8 
8 
S i 
g 
8 
| b 
8 
8 
— FLT3L 
°o > "7" FLT3-L + 0.5 ng/ml IL-6 
—  FLT3-L +4 ng/ml IL-6 
7 a) 
SIRP-ot + IL-6 (ng/ml) 
J GM/FL/SCF +IL-6 K 
14.6 28 
fi i 
| 
i} 
= oom r 
8 " e 
CD5 


Fig. 6. CD5* DCs are modulated in the TME. (A) Workflow of tumor growth and 
immune cell infiltrate analysis in control (CT) or CDSADC mice. [Illustration created 
with Biorender.com] (B) CD5 expression of tumor-infiltrating cDC1 (TIDC1) (left) 

or cDC2 (TIDC2) (right) from CT mice treated with anti-PD-1 (n = 8; three data points 
are outside the axis limits for TIDC1) or IgG2a isotype control (n = 7). Data represent 
means + SEM. (C) Frequency of CD5* cDCI (left) or CD5* cDC2 (right) in TDLNs 

of CT mice treated with |gG2a isotype control (n = 18) or anti-PD-1 antibodies (n = 19). 
Data represent means + SEM. (D) Plots show the expression of Annexin V by CD5* 
and CD5" splenic DCs after 24 and 48 hours of incubation. One representative 
experiment is shown. Cells are gated on live, lineage -F4/80° CD64 IE/IA*CD11c" cells 
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(left). Composite data of three experiments are shown. Each dot represents a 
different mouse. Annexin V expression was normalized to CD5* DCs for each 
indicated time point (right). Data represent means + SEM. (E) CD5* cDCls and 
CD5* cDC2s isolated from TDLNs of MCA1956 tumor-bearing mice treated with 
lgG2a isotype control or anti-PD-1 antibodies and stained with an apoptosis detection 
antibody (APO-BrdU TUNEL assay). Composite data of three mice per group from 
one of two independent experiments are shown. (F) UMAP shows CD5 gene expression 
by the myeloid DC clusters isolated from scRNA-seq of the peripheral blood 
mononuclear cells from a patient with inherited PD-1 deficiency and the patient's 
brother, as well as control subjects. The cells were analyzed per the authors’ 


12 of 16 


RESEARCH | RESEARCH ARTICLE 


Mendeley data report [(50); see https://data.mendeley.com/datasets/ 
nb26v3mx3x/2]. (G) Frequency of IL-6—producing immune cells within tumor- 
infiltrating immune cells of mice bearing MCA1956 tumors and treated with 
|gG2a isotype control or anti-PD-1. Data represent means + SEM (n = 9 mice per 
group). (H) DC1 (CD24*) and DC2 (Sirp-*) output from BM cells that were 
cultured with either Fms-like tyrosine kinase receptor 3 ligand (FLT3-L) or FLT3-L 
and 4 ng/ml IL-6 for 8 days. CD5 median expression is shown in heatmap 
statistic plots. (I) BM cells were cultured for 8 days with FLT3-L (black line), 
FLT3-L with 0.5 ng/ml IL-6 (dashed blue line), or FLT3-L with 4 ng/ml IL-6 (solid 
blue line). CD5 expression on output BM DCls or DC2s (left) is shown. 


demonstrate that CD5 on DCs serves as an 
immunostimulatory receptor that is impor- 
tant for de novo priming of antitumor T cells 
and the response to ICB therapy. The amount 
of CD5 expressed on DCs correlated directly 
with the extent of effector T cell priming in 
humans. Selective deletion of CD5 expres- 
sion by DCs prevented an efficient response 
to ICB therapy in tumor-bearing mice, which 
resulted in defective immune rejection of tu- 
mors. The cause of this defect was likely that 
the activation of CD5™ T cells with poor ef- 
fector function was favored. Similarly, deletion 
of CD5 expression by T cells negatively af- 
fected antitumor immunity and the response 
to ICB. Importantly, we found increased num- 
bers of CD5* DCs after ICB in vivo and iden- 
tified IL-6 as an important factor for CD5* DC 
differentiation and survival. Thus, based on 
our model, we predict that a high density of 
CD5* DC2 cells is likely to align with an in- 
creased frequency of tumor-specific T cells 
in patients as well as improvements in cps" 
T cell activity. 

We previously identified CD5 on a subset of 
human CDic* DCs (DC2) in migratory skin 
DCs, peripheral blood, and cord blood. These 
cells showed a superior capacity to prime T cell 
responses relative to their CD5 DC2 counter- 
parts and their numbers were also elevated in 
inflamed skin (J8). We hypothesized that in 
cancer, CD5 expression on DCs has a role in 
determining the fate of tumor-specific T cells, 
which renders lymphocytes more capable of 
efficiently recognizing and eliminating malig- 
nant cells. In this study, we indeed found that 
these cells are present in tumor-free LNs and 
are reduced in melanoma-affected LNs. More- 
over, we showed that CD5 expression, and, spe- 
cifically, a CD5* DC signature, are associated 
with a better prognosis for patients with mel- 
anoma, lung squamous cell carcinoma, sar- 
coma, breast cancer, cervical squamous cell 
carcinoma, and endocervical adenocarcinoma. 
CD5 is also an independent prognostic bio- 
marker for overall survival in the early stages 
of non-small cell lung cancer (55). Analysis of 
TCGA datasets for the statistical significance 
of T cell-specific CD5 expression on the over- 
all survival of melanoma patients was not con- 
clusive. This could be due to issues with the 
analysis or could indicate that the differences 
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in CD5 protein expression do not correspond 
with the mRNA levels in T cells. Alternatively, 
the genetic variability of CD5 might provide 
an explanation. Single-nucleotide variations 
$2241002 (C/T; Pro224Leu) and rs2229177 (C/T; 
Ala471Val) have been associated with severe 
forms of systemic lupus erythematosus, rheu- 
matoid arthritis, Crohn’s disease (56), and 
certain types of cancer (57). Furthermore, an 
inherited functional variant of CD5 influ- 
enced melanoma survival (58). Thus, differ- 
ent variants might affect CD5* DC function, 
interaction with T cells through CD5, signal- 
ing, T cell persistence, and, ultimately, patient 
survival and response to ICB therapy. 

The absence of CD5* DCs in iLNs of patients 
with melanoma suggests that the TME nega- 
tively regulates the differentiation of these 
DCs from progenitors or, alternatively, reduces 
their survival. Indeed, we found that CD5 sig- 
naling (in humans and mice) enhanced DC 
survival. Additionally, the treatment of mice 
with anti-PD-1 increased the frequency of CD5* 
DCs in the tumor and lymphoid tissue. Given 
the apparent irreversibility of certain forms of 
exhaustion (59), it is possible that the efficacy 
of T cell-targeted immunotherapies is linked to 
ongoing de novo LN priming by these CD5* DCs 
rather than merely a blockade of checkpoint 
ligands in the tumor. Harnessing the CD5 co- 
stimulatory pathway in DCs during priming 
may increase the efficacy of immunotherapies 
in conventional T cells. Practically, we envision 
using these cells for immunotherapy applica- 
tions. Although we could not identify CD5* 
DCs in tonsils, and though they were scarce in 
human spleen, CD5* DCs can be efficiently iso- 
lated from peripheral blood mononuclear cells 
and cord blood and can also be differentiated 
from HPCs (18). Moreover, antibodies against 
CD5 might be used therapeutically to inhibit 
T cell activation in autoimmunity by blocking 
their interaction with CD5 on DCs. Indeed, 
although they may engage CD5 on T cells, we 
found that antibodies against CD5 could only 
inhibit T cell activation when CD5 was also 
expressed by the primed DCs, which suggests 
that the interaction between CD5 on DCs and 
T cells is critical for T cell activation. 

We help explain the mechanism through 
which effective ICB therapy alters these sig- 
nals to favor CD5* DC differentiation and pro- 
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Composite data showing CD5* DC output from mouse BM DCs that were 
cultured with FLT3-L and the indicated amounts (0 to 20 ng/ml) of IL-6; each 
dot represents an independent experiment (right). Data represent means + SEM. 
(J) CD5 expression on CDic* DCs derived from human CD34* HPCs that 

were differentiated with GM-CSF, FLT3-L, and SCF (GM, FL, and SCF) in the 
presence or absence of IL-6 (100 ng/ml) for 7 days. One experiment is shown. 
(K) CD5* DC output within the CD34-derived CD1c* compartments. Cells 

are gated on live, lineage” HLA-DR*CD11c*CDic*. The graph shows composite 
data of 10 independent experiments. In (B) to (D), (G), (I), and (K), the numbers 
over the brackets are P values. 


mote tumor rejection. This mechanism was 
revealed by investigating the DCs of a patient 
with inherited PD-1 deficiency (50). Such pa- 
tients, who are susceptible to tuberculosis and 
autoimmunity, have an immunological pro- 
file that mirrors that of patients with signal 
transducer and activator of transcription 3 
(STAT3) gain-of-function disease (57) and 
which is characterized by the production of a 
large amount of IL-6 by their T cells. In ad- 
dition, we found that a large proportion of 
the DCs from one of these patients expressed 
CD5. Thus, we hypothesized that IL-6 plays a 
role in CD5" DC differentiation or survival. 
Indeed, we identified IL-6 as a factor that drives 
the differentiation of CD5* DCs and that could 
explain the reduced apoptosis of these cells 
after ICB. It appears that CD5 is induced early 
on during the differentiation of CD1ic* DCs 
from CD34* HPCs (via the CD14*CDic* DC 
transitioning stage). Moreover, ligating CD5 
with an agonistic mAb promoted the produc- 
tion of IL-6 from DCs, which can maintain 
high expression of CD5 through an autocrine 
mechanism, thereby inducing de novo dif- 
ferentiation of CD5* DCs or promoting their 
survival. CD5 expression by DCs is sensitive 
to low levels of IL-6, which is expressed in 
immune cells after ICB therapy. Indeed, we 
found that low levels of IL-6 were sufficient 
to promote CD5 expression on DCs without 
skewing their differentiation toward DC2 or 
macrophage lineages. Whether other factors 
could also regulate or promote CD5* DC dif- 
ferentiation from hematopoietic progenitors 
or monocytes, as well as the immune cell- 
specific source of IL-6 during ICB in vivo, re- 
mains to be established. 

Based on studies performed primarily with 
murine T cells, CD5 was posited as a negative 
regulator of T cell function (27, 28, 60). How- 
ever, emerging studies indicate its ability to 
induce T cell activation and pathogenic T}y17 
cell differentiation (34, 35). Thus, the func- 
tional relevance of CD5 expression on cells 
remains unresolved and may vary with cell 
type or microenvironment (36, 37). CD5 ex- 
pression by DCs was recognized in humans 
(18, 19) only recently, although it was previously 
reported in mice (15, 22-24). A study by Li et al. 
proposed that CD5 expression by DCs may 
be correlated with decreased effector T cell 
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activation and proinflammatory cytokine pro- 
duction (29) and a reduced antitumor response. 
Multiple factors may explain this discordance 
with our findings. The study by Li et al. mainly 
used transferred BM-derived DCs (BM-DCs) 
from CD5KO and control mice to drive their 
conclusion. The transferred cell subset com- 
position may not be similar between CD5KO 
and control BM-DCs. In addition, the authors 
used a Toll-like receptor 4 (TLR4) agonist to 
trigger cell cytokine production; however, in 
such CD5-independent DC activation, the ex- 
pression of this TLR4 on CD5KO and CT DCs 
may differ. As our data indicate, CD5" DCs are 
more sensitive to apoptosis than their CD5* 
DC counterparts; therefore, increased cell death 
of CD5KO DCs may lead to increased inflam- 
mation, antigen uptake, and activation of res- 
ident WT DCs (62). Further, an enhanced transfer 
of peptide or peptide-MHC complex (62, 63) 
from migratory DCs to LN resident DCs in the 
recipient mice might occur in these types of 
experiments and may explain the observed in- 
crease in T cell proliferation. 

Here, we show that CD5 deletion on DCs 
leads to the priming and activation of cps’ 
CD4"* T cells in vivo. CD5 expression on the 
T cells did not correlate directly with prolifer- 
ation, as indicated by the dilution of CFSE dye, 
but was rather affected by the CD5 signal 
provided by the DCs. In addition to studies in 
which CD5 was identified as a marker of T cell 
activation (27, 64), studies using polyclonal 
and TCR transgenic T cells showed that ma- 
ture T cell effector functions and memory re- 
sponses correlate with CD5 expression (65-68). 
Indeed, T cells that emerge from the thymus 
with a higher affinity for self-antigens (ex- 
pressing high levels of CD5; CD5"™) also have 
an increased affinity for a foreign antigen, with a 
distinct advantage in becoming engaged in both 
homeostatic and antigen-mediated responses 
compared with their CD5”° counterparts (66, 69). 
Moreover, the gene expression profiles of cps” 
and CD5"° naive T cells suggest that CDs" cells 
are transcriptionally poised to engage in both 
proliferative and effector functions far more 
rapidly than CD5"° cells of the same specific- 
ity (67, 70). CD5 expression is reduced on 
tolerized cells relative to effector T cells (77), 
and T cells isolated from the infiltrate of hu- 
man lung carcinoma patient tumors have 
lower CD5 expression than T cells with the 
same antigen reactivity that are isolated from 
the peripheral blood of the same subject. Our 
analysis of T cells isolated from melanoma 
iLNs and uLNs reveals that a higher fraction of 
CD5-expressing T cells is confined to the unin- 
volved tissue. Based on our results, it can be 
speculated that the response to immunother- 
apy might be less efficient in these patients 
compared with those exhibiting mixed CD5 
expression levels on their tumor-infiltrating 
lymphocytes (72). 
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To understand the functional impact of 
CD5 on T cell responses in vivo, we developed 
a mouse model in which CD5 expression is 
controlled in a cell type-specific manner. To 
delete CD5 in DCs, we used the Zbtb46-Cre 
line because of its high specificity for DCs and 
DC progenitors (73). By contrast, the CdlIc 
(itgax)-Cre line, which is not specific for DCs, 
resulted in CD5 deletion in 50% of T cells. 
The caveat of the Zbtb46-Cre line, however, 
is that one Cd5 allele is deleted in all prog- 
eny. Nevertheless, in spite of the deleted copy 
in Zbtb46°°* Cd5"- (CD5ADC) mice, the CD5 
expression on the T cells was comparable with 
that of control mice (cd5"! f or WT), and CD5 
expression on DCs was reduced as expected. 
The expression of Zbtb46 in DC progenitors 
might explain the transient Cre expression 
in the germline. 

The inhibition of tumor immunity was more 
pronounced upon deletion of CD5 when using 
a Cd4-Cre line compared with the Zbtb46-Cre 
line. This effect might be due to the complete 
deletion of CD5 obtained using this line as 
opposed to the partial deletion seen with the 
Zbtb46-Cre line. Alternatively, there might 
be an additive effect due to the reduction in 
CD5 on some DCs in addition to the deletion 
in T cells in the Cd4-Cre line. Indeed, we 
noted that DCs were affected in this model 
(because of their expression of Cd4) and saw 
some reduction in CD5 expression on the 
DCs, particularly in LN DCs. 

The extracellular domain of CD5 consists of 
three subdomains that belong to the scav- 
enger receptor cysteine-rich superfamily. The 
bona fide ligand or ligands for CD5 remain 
uncertain but may include the C-type lectin 
CD72 (74), an inducible receptor on T cells 
(64), or CD5 itself through homophilic inter- 
actions between cells (75). CD5 may also bind 
and respond to IL-6 on B cells (76), as well 
as to fungal cell wall components (77). In the 
CD5ADC mice, the T cells that were induced in 
response to tumor challenge expressed lower 
levels of CD5 than WT DCs. This suggests that 
high expression of CD5 on T cells might be 
maintained through a homotypic interaction 
with CD5 on DCs (75). Alternatively, CD5 on 
DCs might interact with an unknown ligand 
on T cells that indirectly regulates CD5 expres- 
sion on T cells. CD5 expression on the T cells 
in our tumor-bearing CD5ADC mice was re- 
duced on the antigen-specific CD8* T cells, 
as well as on CD4" T cells in both LNs and 
tumors. The impact of this low CD5 expression 
might translate directly into a reduction in the 
helper or effector functions that are required 
for successful tumor rejection in response to 
ICB therapy (46) or into poor licensing of cDCls 
(45), which ultimately has a negative impact 
on CTL-mediated antitumor immunity. 

Taken together, our findings highlight the 
requirement of the CD5* DC population for 
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directing antitumor CD4* and CD8* T cell im- 
munity. Furthermore, CDic*CD5* DC abun- 
dance in human lymphoid tissue might serve 
as a biomarker not only of T cell effector qual- 
ity but also of responsiveness to ICB therapy. 
Classifying the TME based on the immune 
infiltrate has predictive power (78). Thus, in 
addition to recent efforts to identify distinc- 
tive patient TMEs (38, 79, 80), our unbiased, 
high-dimensional analytic approach has iden- 
tified CD5 expression on DCs as a valuable 
component that could facilitate the design 
of treatment protocols and may help iden- 
tify patients that are poised for a therapeu- 
tic response. 


Materials and methods summary 
Tissue specimens 


Human tissues (including skin, blood, and 
peripheral lymphoid organs) were obtained 
from healthy volunteers and patients with 
melanoma who underwent cosmetic and ther- 
apeutic surgical procedures at Washington 
University in St. Louis and Barnes-Jewish Hos- 
pital in accordance with the guidelines of the 
institutional review board (IRB). Samples were 
processed immediately, and cell subsets were 
isolated. A written informed consent was ob- 
tained in accordance with the guidelines of 
the IRB from patients with melanoma as well 
as healthy donors who donated skin and whole 
blood (listed in table S1). 


Human DC subsets 


Human tissue DCs were isolated from tissues 
using mechanical and enzymatic methods fol- 
lowed by fluorescence-activated cell sorting 
(FACS) as needed. Human DCs were also gen- 
erated in vitro from monocytes or from cord 
blood-derived CD34* HPCs with GM-CSF, Fms- 
like tyrosine kinase receptor 3 ligand (FLT3-L), 
and stem cell factor (SCF). Where noted, IL-6 
and IL-23 were added at the indicated concen- 
trations, as described previously (78) and in (44). 


Correlating CD5 expression with disease prognosis 


TCGA level 3 normalized RNA-seq-based ex- 
pression for 26 cancer types was assessed 
using the University of California, Santa Cruz 
(UCSC) Xena Browser. Survival analysis was 
performed using mRNA data to obtain high 
and low binary variables for CD5 and CD5* DC 
signature expression. Hazard ratios were calcu- 
lated using the Cox proportional hazard model. 

scRNA-seq of live CD45° HLA-DR’ cells, sorted 
from iLNs and uLNs by using the Chromium 
Single Cell 3’ Reagent Kit v3, was used to iden- 
tify different myeloid cell types and specific 
gene signatures for each cluster. For such iden- 
tification, the R package Seurat (version 3.1.2) 
was used to analyze the digital expression 
matrix generated from raw reads aligned to 
the human genome (hg38). Principal compo- 
nents analysis (PCA), t-distributed stochastic 
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neighbor embedding (t-SNE), and UMAP 
were used to reduce the dimensions of the 
data, and the first two dimensions were used 
in plots. The “FindClusters” function was later 
used to cluster the cells. To measure the rela- 
tive abundance of CD5 expression, the total 
expression was calculated for each myeloid 
cluster separated by tumor-involved and tumor- 


uninolved samples. 


Human DC and T cell cocultures 


To elucidate the effects of CD5-expression on 
DCs or T cells to the magnitude of the T cell 
response, we sorted DCs based on their CD5 
expression; alternatively, CD5 expression was 
genetically altered using CRISPR and CRISPR- 
Cas9 technology. CD5* and CD5~ DCs were 
then cocultured with autologous or allogeneic 
CD4* and CD8*" T cells. Alternatively, we used 
hCDSAT cells or control T cells and cocultured 
with CD5* and CD5" DCs. Multiparameter flow 
cytometry was used for immunophenotyping 
and T cell proliferation assessment, and RNA- 
seq was used for gene expression evaluation 


for both DCs and T cells. 


Murine CD5-deficient models 


Using CRISPR-Cas9 technology, we generated 
mice with loxP insertions that flanked axons 2 
and 9 of the Cd5 locus. We then bred these 
Ca5"" mice with mice that expressed Cre recom- 
binase under the Zbtb46, Itgax, and Cd4 pro- 
moters to delete CD5 in cDCs [CD5ADC (fig. 


S6)] and T cells [CD5AT (fig. S9)]. 


Tumor models and ICB therapy 


MCA1956 (87) and MC-38 (82) lines were in- 
jected subcutaneously into the anatomical 
right flanks of mice (1 x 10° cells per mouse). 
Mice were treated intraperitoneally with anti- 
PD-1 or anti-CTLA-4 antibody (200 ug per 
mouse) every 3 days, starting at day 3 after tu- 
mor inoculation. The OVA-expressing MCA1956- 
mOVA line is spontaneously rejected by WT 
mice (45). Tumor growth was quantified by 
Vernier caliper measurements and expressed 
as the average of two perpendicular diameters. 
For tumor models, animals were injected at 
8 to 10 weeks of age. All studies performed 
on mice were done in accordance with the 
Institutional Animal Care and Use Committee 
(ACUC) at Washington University in St. Louis. 
In accordance with our IACUC-approved pro- 
tocol, maximal tumor diameter was 20 mm in 
one direction and in no experiments was this 


limit exceeded. 


Full materials and methods are accessible 


in the supplementary materials (44). 
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A volatile sex attractant of tsetse flies 
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INTRODUCTION: Tsetse flies are vectors of trypano- 
somes that cause human and animal dis- 
eases in sub-Saharan Africa. Historically these 
flies and the trypanosomes they transmit 
have had extremely detrimental effects on 
the health and development of this region. 
Tsetse continues to be a major cause of rural 
poverty in this area because of the impact of 
trypanosomiasis on people and domestic farm 
animals. Moreover, the geographic range of 
tsetse is expected to extend to new regions 
as a result of climate change, thus placing 
more people and domestic animals at risk. 
Despite more than a century of tsetse research, 


volatile sex pheromones have not been iden- 
tified. Because pheromones have been suc- 
cessfully used in the control of a wide variety 
of other insects, their identification in tsetse 
could be useful in controlling these flies and 
trypanosomiasis. 


RATIONALE: To identify volatile pheromones of 
tsetse, we used gas chromatography-mass spec- 
trometry (GC-MS). We studied the behav- 
ioral responses of tsetse flies to pheromones 
and to other flies perfumed with them. To 
elucidate the cellular effects of pheromones 
we analyzed the electrophysiological responses 
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they elicited from olfactory neurons in the an- 
tenna. We analyzed both males and females. 
Although we focused on Glossina morsitans, we 
also used the related species Glossina fuscipes, 
which accounts for the greatest number of 
cases of human African trypanosomiasis. We 
also investigated the effects of trypanosome 
infection on the chemical profiles and sexual 
behavior of flies. 


RESULTS: When introduced into a simple mat- 
ing paradigm, pairs of tsetse began copulat- 
ing within seconds. A single male placed in a 
chamber with a tsetse-sized decoy landed on 
it and stayed attached for minutes if the 
decoy was dosed with female extract, but not 
if dosed with male extract. Using GC-MS we 
identified methyl palmitoleate (MPO), methyl 
oleate (MO), and methyl palmitate (MP) as 
volatile compounds produced by G. morsitans 
that elicited strong behavioral responses. All 
three compounds have a 16-carbon unbranched 
backbone. We focused on MPO, which elic- 
ited a strong response from males—but not 
virgin females—in the decoy assay. This re- 
sponse depended on the antenna. MPO also 
elicited an attractive response from males 
in a T-maze paradigm. Male G. morsitans 
mounted G. fuscipes females perfumed with 
MPO, but not control females. We charac- 
terized olfactory neurons of the G. morsitans 
and G. fuscipes antennae. We identified a 
class of neurons on the G. morsitans an- 
tenna that responds to MPO. These re- 
sponses are sexually dimorphic, and this 
class of neurons also responded to certain 
odorants that attract tsetse in the field. MPO 
had little if any effect on G. fuscipes in our 
physiological or behavioral testing. The pher- 
omone profiles of the two species are differ- 
ent. Notably, infection of mated G. morsitans 
with trypanosomes resulted in the appear- 
ance of 21 small volatile compounds in their 
chemical profiles. Infection also reduced the 
sexual receptivity of females. 


CONCLUSION: We have identified a volatile sex 
attractant of the tsetse fly. MPO acts as an aph- 
rodisiac, elicits sex-specific behavioral effects, 
and evokes sexually dimorphic physiological 
responses. It also elicits species-specific behav- 
ioral and physiological effects. Our work invites 
exploration of whether MPO may be useful in 
tsetse control. We also found that infection with 
trypanosomes affects both the chemical profile 
and sexual behavior of tsetse. 
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Tsetse flies transmit trypanosomes—parasites that cause devastating diseases in humans and 
livestock—across much of sub-Saharan Africa. Chemical communication through volatile pheromones 
is common among insects; however, it remains unknown if and how such chemical communication 
occurs in tsetse flies. We identified methyl palmitoleate (MPO), methyl oleate, and methyl palmitate 
as compounds that are produced by the tsetse fly Glossina morsitans and elicit strong behavioral 
responses. MPO evoked a behavioral response in male—but not virgin female—G. morsitans. G. morsitans 
males mounted females of another species, Glossina fuscipes, when they were treated with MPO. 

We further identified a subpopulation of olfactory neurons in G. morsitans that increase their firing rate 
in response to MPO and showed that infecting flies with African trypanosomes alters the flies’ 
chemical profile and mating behavior. The identification of volatile attractants in tsetse flies may be 


useful for reducing disease spread. 


hemical communication among insects 

is used to identify and locate suitable 

mating partners. Pheromones are used 

to recognize a conspecific in a habitat 

that may contain thousands of the world's 
millions of insect species. Volatile pheromones 
have been identified and their mechanisms 
of action elucidated in a wide diversity of spe- 
cies (1). However, little is known about chem- 
ical communication among tsetse flies. One 
pheromone has been identified in the tsetse 
fly Glossina morsitans morsitans, but this 
molecule [(15,19,23-trimethylheptatriacontane 
(morsilure)] consists of a chain of 37 carbon 
atoms and its relative vapor pressure is van- 
ishingly low (2-7). Tsetse flies spread disease 
across much of sub-Saharan Africa. They can 
carry African trypanosomes, which are trans- 
mitted when they bite humans or animals. In 
humans these parasites cause African sleep- 
ing sickness whereas in livestock they cause a 
disease called nagana, which has had a dev- 
astating effect on agricultural and economic 
development in Africa (8, 9). The primary means 
of controlling these diseases is to control the 
tsetse flies that spread them, including the 
use of traps and targets containing attractive 
odorants derived from animal hosts, which 
have been shown as effective approaches for 
controlling disease spread (10). Because pher- 
omones have been successfully used in the 
control of many other insects (/7), the iden- 
tification of airborne chemical communication 
among tsetse flies could be useful in further 
enhancing their control. Tsetse flies are also of 
substantial intrinsic biological interest: Rather 
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than laying eggs as with most other insects, 
females give birth to larvae (12) and all em- 
bryonic and larval stages occur within the fe- 
male’s uterus, where progeny are nourished 
by maternal milk. Once laid, larvae burrow 
into the substrate and pupate within 30 min. 
Following eclosion, both male and female 
flies feed exclusively on vertebrate blood. It 
is an open question whether their chemical 
communication is also unusual. The antenna 
of tsetse contains several classes of olfactory 
sensilla, including trichoid sensilla (73). Sensilla 
in the medial portion of the G. morsitans an- 
tenna respond to a variety of monomolecular 
odorants (/4). The antennae of other tsetse 
species have also been shown to respond to 
natural mixtures of plant or host animal vol- 
atiles (15, 16). 


Mating in G. morsitans is initiated rapidly 


To identify chemical factors affecting tsetse 
mating behavior we first placed a single male 
and a single virgin G. morsitans female to- 
gether in a tube and found that the male quickly 
mounted the female (Fig. 1, A and B). The half 
time to mounting was on the order of 5 s. Out 
of 20 pairs, nearly all began copulating within 
15 s. In a second experiment, we directly com- 
pared the copulation of G. morsitans to that of 
Drosophila melanogaster in the same assay. 
The mean latency of G. morsitans was two orders 
of magnitude faster than that of D. melano- 
gaster: 0.15 min + 0.02 min versus 22.14 min + 
4.9 min (Fig. 1C; P < 0.0001, Mann-Whitney test). 
G. morsitans also showed a much longer dura- 
tion of copulation: 58.5 min + 5.3 min, compared 
with only 20.3 + 1.0 min for D. melanogaster (Fig. 
1D, P < 0.0001, Mann-Whitney test). These la- 
tencies and durations were calculated from 
the pairs that had initiated mating within one 
hour, i.e., 18 of 20 pairs for G. morsitans and 
14 of 20 pairs for D. melanogaster. 
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In contrast to the rapid copulation that en- 
sued when a male G. morsitans encountered 
a virgin female, no copulation was observed 
when a male was paired with a non-virgin fe- 
male (0%, n = 20) (Fig. 1E). Thus, tsetse showed 
copious mating behavior in this paradigm, 
with males mounting virgin females quickly 
and copulating for approximately an hour. 
Based on these data, we hypothesized that 
multiple sensory modalities could contribute 
to tsetse mating behavior, and we investigated 
whether olfaction played a role. 


Female but not male hexane extracts attract 
G. morsitans males 


We established a behavioral paradigm to mea- 
sure the attraction of G. morsitans males to a 
tsetse-sized decoy (Fig. 2A) (5). We dosed the 
decoy with a chemosensory stimulus of inter- 
est, placed it in a chamber with a single male, 
and observed for one hour. In several instances 
males landed on the decoy and stayed attached, 
often for the remainder of the experiment. 
We scored this response as the percentage of 
male flies that landed on the decoy and re- 
mained attached for at least 5 min. We pre- 
pared extracts from virgin females, mated 
females, virgin males, and mated males by soak- 
ing flies in hexane with gentle shaking for 10 min. 
This procedure has been used previously to 
isolate pheromones from the cuticles of other 
insects (17-20). None of these extracts elicited 
attraction in this paradigm (fig. SIA). We then 
considered the possibility that tsetse flies might 
contain attractive compounds that were tem- 
porarily sequestered beneath the surface of 
the fly, either in internal oenocytes or in in- 
ternal glands such as those of other insects 
that synthesize and eventually secrete attrac- 
tive pheromones (2/-23). Accordingly, we 
prepared hexane extracts by soaking flies 
in hexane with gentle shaking for 24 hours, 
a procedure that has been successfully used 
to isolate pheromones from Drosophila and 
other insects (24-27). Extracts from virgin 
females elicited a behavioral response in 9 of 
15 (60%) of cases (Fig. 2B). Mated female ex- 
tracts elicited a response in 4 of 15 (27%) of cases. 
Neither male extract evoked any response in 
male tsetse flies. This sex specificity in the ef- 
fect of extracts suggested a sexually dimor- 
phic composition of effective compounds. To 
identify these compounds we carried out a gas 
chromatography-mass spectrometry (GC-MS) 
analysis of the extracts. 


G. morsitans hexane extracts contain 
candidate attractants 


We injected G. morsitans extracts into a GC- 
MS instrument; among the compounds iden- 
tified were three fatty acids [palmitoleic acid 
(POA), palmitic acid (PA), and oleic acid (OA)] 
and three fatty acid methyl esters [methyl 
palmitoleate (MPO), methyl palmitate (MP), 
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Fig. 1. Mating of G. morsitans. (A) The mating assay, in which a male and a female are placed together 
in a 50-ml tube, 11.5 cm in height. (B) Percentage of G. morsitans males that had mounted a virgin female in 
the mating assay as a function of time; n = 20. (C) Copulation latencies of G. morsitans and D. melanogaster 
males with a virgin female. Out of 20 pairs each for D. melanogaster and G. morsitans, 14 (n = 14) and 

18 (n = 18) pairs mated, respectively. Error bars are SEM. (D) Copulation duration; n = 14 for D. melanogaster 
and n = 18 for G. morsitans. Error bars are SEM. (E) Percentage of copulation of G. morsitans males with 


either virgin females or mated females; n = 20. 


and methyl oleate (MO)], which are pheromones 
in other insects (4, 22, 26, 28, 29, 30-32) (Fig. 
2C). The relative abundance of these six com- 
pounds in the 24-hour extracts depended on 
sex and mating status (Fig. 2D); POA was more 
abundant in females than in males whereas 
PA, MO, and OA were more abundant in fe- 
males than in virgin males. We did not detect 
the six compounds from an extract prepared 
by brief (10 min) immersion of flies in hexane 
(fig. SIB). We note that the abundance of a 
certain methyl branched alkane was higher in 
mated females than in virgin females (Fig. 2E; 
P = 0.029, Mann-Whitney test; n = 4), suggest- 
ing that this compound—which was present 
at relatively high levels in males—was trans- 
ferred from males to females during copula- 
tion. We speculated that this compound could 
reduce the attractiveness of mated females, 
thereby contributing to the lack of copulation 
observed among previously mated females 
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(Fig. 1E). It could also explain why male ex- 
tracts do not elicit a response from males in 
our decoy paradigm (Fig. 2B). Transfer of other 
compounds, some inhibitory, during mating 
has previously been shown or suggested in spe- 
cies of Drosophila (33-36). Taken together, these 
results suggested the possibility that some of 
the six compounds might have a behavioral 
effect on tsetse flies. 


MPO, MP, and MO attract G. morsitans males 


We measured the response of G. morsitans 
males to the tsetse-sized decoy perfumed with 
each of the six compounds (Fig. 3A). MO, 
MPO, and MP all elicited a strong response 
(Fig. 3B). MPO elicited a response in 13 of 15 
(87%) of cases when tested at a 10° dilution. 
MO elicited a response at concentrations span- 
ning three orders of magnitude. The other three 
compounds did not elicit a response. We also 
tested nine other compounds, including three 
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known attractants of G. morsitans—1-octen-3-ol, 
4-methylphenol, and acetone (J0)—and found 
that none of these compounds elicited a re- 
sponse in this paradigm at a 10~ dilution (fig. 
$2). We further investigated MPO, which elic- 
ited the greatest response in the decoy par- 
adigm. We tested virgin females with MPO 
and found no response at any concentration 
(Fig. 3C). Thus, MPO elicited a male-specific 
response in this paradigm. Surgical removal 
of the antennae eliminated the response, sug- 
gesting that the response relied on the olfac- 
tory system (Fig. 3D). In insect chemical ecology, 
compounds are described as arrestants, aphro- 
disiacs, and/or attractants (37), based on the 
elicited behavior. Compounds can belong to 
more than one category. The long periods of 
time that males spend on a decoy dosed with 
MPO are reminiscent of the behavior elicited 
by an arrestant. However, we tested the pos- 
sibility that MPO also acted as an aphrodisiac 
and attractant. We paired a G. morsitans male 
with a G. fuscipes female perfumed with MPO 
diluted 10? in hexane (Fig. 3E). G. fuscipes is a 
close relative of G. morsitans and accounts 
for the greatest number of cases of human 
African trypanosomiasis (38). In control exper- 
iments using hexane solvent alone, G. morsitans 
males made no attempts to mate with G. fuscipes 
females during a 1-hour observation period, ie., 
0% (Fig. 3F; 2 = 20). By contrast, when paired 
with a G. fuscipes female perfumed with MPO, 
in 9 of 15 (60%) of cases the G. morsitans male 
mounted the G. fuscipes females in an appar- 
ent attempt to copulate (Fig. 3F). The coupling 
did not persist and in all cases the female sep- 
arated from the male shortly after mounting. 
These data suggest that MPO acts as an aphro- 
disiac for G. morsitans males. To test whether 
the compounds identified acted as attractants, 
we measured olfactory attraction in a T-maze 
assay (Fig. 3G). In this paradigm flies made a 
choice between two tubes, one containing a vol- 
atile odor and the other containing a diluent 
control. Flies that entered either tube rarely left. 
We tested all six compounds in this assay at 
concentrations spanning five orders of magni- 
tude. MO, MPO, and MP all elicited an attractive 
response at one or more concentrations (Fig. 
3H). In summary, MPO elicited behavior ex- 
pected of an arrestant, an aphrodisiac, and an 
attractant. MO and MP also elicited arrestant 
and attractive responses from males. Next, 
we asked whether there are olfactory neurons 
in G. morsitans antennae that might mediate 
these responses. 


G. morsitans olfactory neurons respond 
to extracts and to MPO 


We first asked whether the extracts them- 
selves elicited electrophysiological responses 
from ORNs of the tsetse antenna (Fig. 4A). 
We focused on trichoid sensilla because vol- 
atile pheromones primarily elicit responses 
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Fig. 2. G. morsitans hexane extracts contain candidate attractants. (A) The decoy paradigm, in which 
the decoy consists of a knot in a length of black yarn dosed with extract. (B) Percentage of males that 
landed on the decoy when dosed with a 24-hour extract and remained on it continuously for more than 
5 min; n = 15. (©) Examples of total ion current chromatograms of 24-hour hexane extracts. Peak 
numbers correspond to the identified compounds. Additional data are shown in fig. S1. (D) Normalized 
relative abundance of compounds identified in 24-hour hexane extracts. Normalization is to the sum 

of the areas of all peaks. One-way analysis of variance (ANOVA) followed by Tukey's multiple comparison 
test; n = 4. Values indicated with different letters are significantly different. Error bars are SEM. 

(E) Normalized relative abundance of methyl branched alkane (compound 17) in virgin and mated 
females. Mann-Whitney test; n = 4. 
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from them in Drosophila (26). Using single- 
sensillum electrophysiology and a modified 
stimulus delivery system in which an airflow 
carried odors to the antenna from a source 
24 cm away (Fig. 4B), we recorded from trich- 
oid sensilla located on the lateral face of the 
antenna (Fig. 4A). We tested hexane extracts 
from virgin females, mated females, virgin 
males, and mated males. Each of the four 
extracts elicited responses from a number of 
sensilla, and each of the four groups of flies 
(virgin female, mated female, virgin male, mated 
male) contained sensilla that responded to 
extracts (fig. S3). Overall, 12 of 82 (15%) of the 
tested sensilla responded to a least one extract 
with a response of =10 spikes per s. We next 
tested the six compounds against trichoid 
sensilla of the antenna. We tested trichoid 
sensilla from males (n = 56) and virgin females 
(n = 50). Delivering the compounds through 
an airflow using the system shown in Fig. 4B, 
we found that MPO elicited excitatory responses 
from a subset of sensilla (Fig. 4C). The respond- 
ing sensilla have two ORNs, one designated 
the “A” neuron, which produces spikes of large 
amplitude and the other designated the “B” 
neuron, which produces spikes of small ampli- 
tude (Fig. 4D). The responses to MPO were 
from the B neuron (Fig. 4, C and E). Responses 
were observed in the sensilla of both males 
and virgin females (Fig. 4, C and E); 20% of 
tested male sensilla (11 of 56) and 26% of female 
sensilla (13 of 50) responded with >20 spikes 
per s at the tested dose. We observed few if any 
responses from the tested trichoid sensilla 
with the other five compounds using this de- 
livery system (Fig. 4E). The response magni- 
tudes to MPO were greater in males than in 
virgin females (Fig. 4F). To determine whether 
responses were dose-dependent we tested a 
range of concentrations. Because trichoid sensilla 
were heterogeneous in their responses to MPO 
we carried out this analysis on two individual 
sensilla, one in males and one in virgin females, 
which are located on the proximal portion of 
the antenna and produced the highest responses 
in our survey. Increasing doses produced in- 
creasing responses in both cases (Fig. 4, G and 
H). To identify and classify the ORNs that re- 
spond to MPO, we tested the sensilla with a 
panel of volatile compounds. Trichoid sensilla 
in G. morsitans on the opposite side of the 
antenna (the medial side) respond to odorants 
(14). Therefore, in our analysis of the trichoid 
sensilla we included nine odorants in addi- 
tion to the six compounds from the tsetse ex- 
tract. The nine odorants included three that 
are known to attract G. morsitans: 1-octen-3-ol, 
acetone, and 4-methyl phenol (also known as 
p-cresol) (J0). We then classified the ORNs 
based on their responses to the 15 compounds, 
using a hierarchical cluster analysis. Neu- 
rons classified as “A” fell into three functional 
classes, whereas neurons classified as “B” fell 
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Fig. 3. MPO acts as an aphrodisiac pheromone in G. morsitans males. (A) The decoy paradigm. The 
decoy is dosed with a candidate pheromone or odor. (B) Percentage of males that landed on the decoy and 
remained on it continuously for more than 5 min; n = 15. Chi-squared test. (€) Percentage of G. morsitans 
virgin females that stayed for more than 5 min on a decoy dosed with a range of dilutions of methyl! 
palmitoleate; n = 15. (D) Dependence of G. morsitans response to decoy on antennae. The decoy was dosed 
with a 10° dilution of MPO in paraffin oil: n = 15. Chi-squared test. (E) Schematic of a test with a perfumed 
G. fuscipes virgin female and a G. morsitans male. (F) Percentage of mounting when a G. fuscipes virgin 
female is perfumed with a 10° dilution of MPO, compared with a female perfumed with diluent alone; 

n = 15. Chi-squared test. (G) The T-maze paradigm. Flies are initially in the tube shown on the left. 

The apparatus is placed horizontally on a benchtop. (H) Behavioral responses of G. morsitans males in the 
T-maze paradigm. *P < 0.05, **P < 0.01, Wilcoxon Signed Ranked Test, n =12. Error bars are SEM. 


into four functional classes, in both males (Fig. 
5A) and females (fig. S4). In some cases the 
classes appeared qualitatively similar but with 
different response magnitudes (e.g., B2 and 
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B3 in Fig. 5B). The response profiles of most 
male ORNs, e.g., B1, have female counterparts 
that appear similar. [In the case of B1, the male 
and female counterparts were indistinguish- 
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able; P > 0.05, Analysis of Similarities (ANOSIM) 
test]. Neurons that responded to MPO, the B1 
neurons, also responded to known G. morsitans 
attractants: two of the strongest responses were 
to the attractants 4-methylphenol and 1-octen- 
3-ol (Fig. 5B). These results suggest that MPO 
may mediate attractive behaviors at least in 
part through these ORNs. 


MO and MP activate trichoid neurons 
at close range 


MO and MP elicited behavioral responses from 
G. morsitans (Fig. 3, B and H), but not electro- 
physiological responses in our initial analysis 
(Fig. 4E). We reasoned that MO and MP might 
elicit physiological responses from sensilla 
on untested regions of the large and complex 
tsetse antenna (13). Alternatively, it is possible 
that given the low volatility of these long-chain 
compounds, the dosage or odorant dynamics 
used in the preceding survey were not ade- 
quate to elicit responses. To address this latter 
possibility, we modified the odor delivery sys- 
tem (Fig. 5C). We reduced the distance from 
the odor source to the antennal preparation 
(to ~1 mm) and eliminated the airflow, anal- 
ogous to an approach successfully used with 
pheromones in Drosophila (39). This close prox- 
imity of odor source to antenna is reminiscent 
of the proximity of two mating flies in a nat- 
ural context. The diluent control produced no 
firing among the tested male trichoid sensilla, 
and MPO elicited responses from B neurons 
but not A neurons (Fig. 5, D and E), consistent 
with our earlier results (Fig. 4C). However, using 
this new delivery system, MP elicited responses 
from B neurons and MO activated both A and 
B neurons. These results indicate that MP and 
MO, as well as MPO, activate olfactory neurons, 
consistent with their activity in attracting and 
arresting G. morsitans males. 


G. fuscipes differs from G. morsitans 
in responses to MPO, MP, MO, 
and other odorants 


We next examined the response of G. fuscipes 
trichoid sensilla to MPO, MP, and MO, using 
the same close-range delivery system used 
for G. morsitans. We again focused on trichoid 
sensilla that cover the lateral side of the 
male antenna. In contrast to our results with 
G. morsitans, the tested methyl esters elicited 
little if any response from any tested sensilla 
when used at the same concentrations (fig. S5). 
Consistent with these physiological results, 
behavioral testing did not reveal a response 
to these compounds in either the decoy par- 
adigm (fig. S5B) or the T-maze preference 
paradigm (fig. S5C). We also measured the 
abundance of MPO, MP, MO, and the other 
three compounds in virgin female, mated fe- 
male, virgin male, and mated male G. fuscipes. 
In almost all cases the relative abundance of 
these compounds in G. fuscipes was lower 
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than that in G. morsitans (fig. S6). The lack of 
responses to MPO, MP, and MO motivated us 
to ask whether these G. fuscipes sensilla re- 
spond to other odorants, and if so whether 
the response profiles to these odorants differ 
from those of G. morsitans. Accordingly, we 
surveyed the trichoid sensilla on the lateral 
face of the male antenna with the same nine 
odorants tested against G. morsitans. Strong 
olfactory responses were recorded in G. fuscipes 
(fig. S5D). The A neurons could be divided 
through cluster analysis into four distinguish- 
able classes, in contrast to three in G. morsitans; 
the B neurons fell into four classes in both spe- 
cies. In both species there are classes that re- 
sponded to none of the tested odorants. Testing 
with more odorants might allow more detailed 
classification. Inhibitory responses were ob- 
served in G. fuscipes but not in G. morsitans. 
One class of B neurons, B4, was strongly in- 
hibited by several odorants, including 6-methyl- 
5-hepten-2-one, which excited another class of 
B neurons, B3. 


Trypanosome infection affects chemical 
profiles and mating behavior 


We next investigated the impact of trypano- 
some infection on olfactory physiology, profiles 
of body-wash extracts, and mating. All previous 
experiments in this study were conducted with 
uninfected tsetse flies. We infected G. morsitans 
with Trypanosoma brucei brucei (strain RUMP 
503) under laboratory conditions and com- 
pared them to uninfected controls. We first 
asked whether olfactory responses underwent 
major alterations after infection. From infected 
flies we measured the responses of 27 trichoid 
sensilla on the lateral surface of the antenna 
to a panel of 10 compounds, including MPO 
(fig. S7A). We then compared neuronal spaces 
constructed from the neuronal responses of 
infected (fig. S7B) and uninfected G. morsitans 
(Fig. 5). We found many common features and 
much overall similarity (P = 0.08, R = 0.0103 
for A neurons; P = 0.04, R = 0.8 for B neurons; 
ANOSIM based on Bray-Curtis similarity; fig. 
S7B). We then compared chemical profiles of 
infected and uninfected flies. Hexane extracts 
of infected mated males and females both con- 
tained 21 small volatile compounds, including 
a-pinene, that were not observed in uninfected 
control flies or in the solvent control (Fig. 6A). 
These 21 compounds were specific not only to 
infected flies but also to mated flies: we did not 
observe them in either infected or uninfected 
virgin males or females (fig. S7C). To test the 
robustness of these results we individually ex- 
amined 19 to 29 flies of each of the eight types 
(infected and uninfected mated males, in- 
fected and uninfected mated females, infected 
and uninfected virgin males, infected and un- 
infected virgin females) and found a high de- 
gree of consistency: the appearance of these 
compounds depended on both infection and 
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mating. Finally we investigated whether in- 
fection had any effects on mating behavior. 
We placed a virgin female in a tube with two 
males, one infected and one uninfected. The 
female mated with the two kinds of males 
with equal frequency (Fig. 6B, P > 0.05, Chi- 
squared test, m = 20). However, when an unin- 
fected virgin male was placed with two females, 
one infected and one uninfected, in all of 20 trials 
the male mated with the uninfected female 
(Fig. 6C); the infected females were much less 
receptive to the males. 


Discussion 


G. morsitans males mounted females very quickly 
upon coming into each other's vicinity. Although 
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behaviors in laboratory settings are imperfect 
representations of behaviors in natural set- 
tings, in the same laboratory paradigm, pairs 
of G. morsitans had mounting latencies that 
were 1/100th those of D. melanogaster. Whereas 
D. melanogaster males engage in a prolonged 
and elaborate series of courtship behaviors 
prior to copulation (40, 41), G. morsitans males 
were quick to mount. Once initiated, copula- 
tion lasted much longer in G. morsitans than in 
D. melanogaster. Moreover, the copulation time 
of G. morsitans, 58 min, exceeded that of all 
but one of 82 species of Drosophila considered 
in an analysis (42). Our measurement of mean 
copulation time is consistent with the obser- 
vation of long-lasting copulation in studies of 
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G. morsitans insemination and ovulation (43), 
and of interactions between males and de- 
coys (44). These differences between the two 
fly species raise questions about whether the 
molecular, cellular, and circuit basis of sexual 
behavior differs markedly between tsetse flies 
and Drosophila, whose ecology, physiology, 
and behavior are distinctly different (40, 41). 

We have carried out behavioral, chemical, 
and electrophysiological analysis of tsetse 
to gain insight into the underpinnings of 
tsetse fly sexual behavior, and found evi- 
dence that volatile compounds can affect 
mating behavior in tsetse flies, despite little 
prior evidence supporting a role for volatile 
pheromones in these animals. The compound 
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Fig. 6. Trypanosome infection changes chemical profile and behavior. (A) Total ion current chromatograms 
of 24-hour hexane extracts of infected and uninfected mated G. morsitans. All flies were 14 days old. (B) Healthy 
females mated with both infected and uninfected males. (P > 0.05, Chi-squared test, n = 20). All flies 

were virgins and all pairs copulated. (C) Healthy males mated with uninfected but not infected females. All 


flies were virgins and all pairs copulated; n = 20. 


15,19,23-trimethylheptatriacontane has pre- 
viously been identified as a contact sex pher- 
omone in G. morsitans (5, 45). Five-day-old 
females contain more than 4 mg of 15,19,23- 
trimethylheptatriacontane, and when micro- 
gram quantities were placed on dead males 
they elicited copulatory responses from other 
males (7). Although widely considered a con- 
tact pheromone, this compound was reported 
in one study to elicit an olfactory response 
from the antenna (46); however, this finding 
has been controversial (2, 3), in part because 
the compound consists of a chain of 37 carbon 
atoms and its relative vapor pressure has been 
calculated to be 12 orders of magnitude lower 
than that of (Z)-9-tricosene, a volatile sex pher- 
omone of houseflies (47). 

We have found that G. morsitans flies produce 
MPO, MO, and MP; these volatile compounds 
have chain lengths of only 16 carbons, much 
shorter than the 37-carbon chain length of 
5,19,23-trimethylheptatriacontane or the 23 car- 
bons of (Z)-9-tricosene. MPO, MO, and MP 
had an arrestant effect in a decoy assay and 
an attractive effect in a T-maze assay. MPO is 
the compound for which we found the most 
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evidence supporting a potential role as a vol- 
atile pheromone in G. morsitans. There are 
several arguments in favor of such a role: (i) 
MPO acts as a pheromone in other species 
(22, 28). (ii) It elicited a response from males 
but not virgin females in the decoy assay. (iii) 
MPO showed characteristics of an aphrodisiac: 
G. morsitans males mounted G. fuscipes virgin 
females that were perfumed with MPO but 
not control G. fuscipes females, consistent with 
arole for MPO in driving male G. morsitans 
sexual behavior. (iv) MPO elicited greater re- 
sponses from ORNs of males than virgin fe- 
males. (v) It elicited little if any response from 
any tested sensilla in G. fuscipes (fig. S5A). 
Although we cannot exclude the possibility of 
responses from untested sensilla, we observed 
no behavioral responses to MPO in G. fuscipes, 
in either of two paradigms. MPO was recovered 
from a 24-hour hexane extract but was not de- 
tectable in a 10-min extract as one might ex- 
pect of a cuticular pheromone. The 24-hour 
extracts have two salient properties: They showed 
sexual dimorphism in their effects in the decoy 
paradigm, and the number of peaks in the 
24-hour extract did not greatly exceed the number 
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in the 10 min extracts. Thus, of the vast number 
of molecules in the fly, only a few were detected 
in the 24-hour extract, MPO among them. 

Although we do not know the typical distri- 
bution of MPO within flies, MPO might be syn- 
thesized and stored in an internal gland, such 
as those of Tephritid fruit flies, cockroaches, 
and a variety of hymenopterans and lepidop- 
terans, which produce pheromones and re- 
lease them during certain behaviors, often 
through a duct to a pore in the cuticle (48-51); 
in some species a pheromone is released only 
when needed (48, 52). Alternatively, MPO might 
reside largely in internal oenocytes that produce 
pheromones and deliver them to the cuticle 
only when the fly is in certain nutritional or 
behavioral states (53-57). However, the ab- 
sence of detectable MPO in the cuticular layer 
of flies fed and maintained under standard 
laboratory conditions may explain why it has 
not been identified previously as a phero- 
mone in tsetse. 

Insect pheromones are extremely diverse in 
many ways. Some, such as the classic example 
of bombykol in moths, act in long-distance 
attraction, are secreted specifically by fe- 
males, elicit electrophysiological responses 
from narrowly tuned male-specific ORNs, 
and elicit male-specific behavioral responses 
(58, 59). By contrast, other insect pheromones 
(i) elicit other behaviors (60); (ii) are secreted 
at comparable levels by both sexes (26, 39); 
ii) elicit electrophysiological responses from 
broadly tuned ORNs in both sexes (5, 26, 61); 
or (iv) elicit behavioral responses from both 
sexes (26). The sensitivity of ORNs to their 
cognate pheromones also varies greatly: one 
molecule of bombykol is sufficient to elicit a ner- 
vous impulse from a male moth ORN (62, 63); 
by contrast, a 10° dilution of cis-vaccenyl ace- 
tate was required to elicit responses from its 
cognate atl neuron of Drosophila (64), similar 
to the sensitivity of tsetse trichoid sensilla to 
MPO that we have observed. MPO has shown 
characteristics of both an attractant and an 
arrestant in laboratory tests. We speculate that 
as an attractant produced by females it might 
contribute to initiation of mating whereas as an 
arrestant it might contribute to the maintenance 
of mating, preventing premature termination. 
MPO activates neurons that also respond to 
the olfactory attractants 4-methylphenol and 
1-octen-3-ol. These results support the inter- 
pretation that MPO activates a circuit that 
mediates olfactory attraction. Mating encoun- 
ters of Glossina generally occur on or near hosts 
(9), and 4-methylphenol and 1-octen-3-ol are 
both host odors (70). The circuit might be ac- 
tivated more strongly when both fly and host 
cues are presented together. We note precedent 
for the dual response of neurons to pheromones 
and odorants: in Drosophila the ab9A ORNs 
respond both to the pheromone (Z)-4-undecenal 
and to food odors (67). These ORNs express two 
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receptors, one of which responds to (Z)-4- | have included attractive host odors. Our results 
undecenal and the other to food odors. suggest the possibility of using tsetse odors, 
In addition to promoting or maintaining | in combination with long-range attraction 
mounting, MPO could have roles in any of a | to host odors, for controlling tsetse flies and 
series of stereotyped sexual behaviors that | disease spread. 
occur after mounting (65). MPO could also af- 
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Dynamic kinetic asymmetric arylation 


and alkenylation of ketones 


Lin-Xin Ruan, Bo Sun, Jia-Ming Liu, Shi-Liang Shi* 


Despite the importance of enantioenriched alcohols in medicinal chemistry, total synthesis, and materials 
science, the efficient and selective construction of enantioenriched tertiary alcohols bearing two contiguous 
stereocenters has remained a substantial challenge. We report a platform for their preparation through 
the enantioconvergent, nickel-catalyzed addition of organoboronates to racemic, nonactivated ketones. 

We prepared several important classes of o,f-chiral tertiary alcohols in a single step with high levels of 
diastereo- and enantioselectivity through a dynamic kinetic asymmetric addition of aryl and alkenyl 
nucleophiles. We applied this protocol to modify several profen drugs and to rapidly synthesize biologically 
relevant molecules. We expect this nickel-catalyzed, base-free ketone racemization process to be a widely 
applicable strategy for the development of dynamic kinetic processes. 


he development of general stereoselec- 

tive methods with simultaneous control 

of contiguous stereocenters is critical to 

the efficient discovery and manufacture 

of new drugs. Enantioenriched alcohols 
constitute an important class of compounds 
that are found in a myriad of pharmaceutical 
agents and bioactive natural products (J, 2). 
A variety of protocols for the asymmetric 
addition of organometallic nucleophiles or 
hydride reagents to carbonyls has enabled 
the efficient and stereoselective synthesis of 
alcohols with a single stereocenter (3-5). How- 
ever, efficient methods for the preparation of 
alcohols bearing two adjacent stereocenters 
remain relatively underdeveloped. In partic- 
ular, synthetic approaches to chiral tertiary 
alcohols with stereocenters at the o and B 
positions from simple and easily available 
precursors are rare, despite the frequent 
presence of this structural motif in bioactive 
molecules and drugs (Fig. 1A and fig. S1) 
(6-8). A typical method for the synthesis of 
a,B-chiral tertiary alcohols is the diastereo- 
selective nucleophilic addition to enantio- 
pure a-stereogenic ketones (Fig. 1B) (9, 10). 
However, these precursors are difficult to 
prepare and potentially suffer from racemi- 
zation during carbonyl addition reactions or 
during storage. Moreover, the stereocontrolled 
addition to the carbonyl group is generally 
nontrivial, and the results may be difficult 
to predict in many cases (JO). In addition, to 
obtain reasonable levels of diastereoselectiv- 
ity, reactions need to be conducted under 
low-temperature conditions with highly basic 
and nucleophilic organometallic reagents (for 
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example, Mg or Li), which limit the type of 
compatible substrates and functional groups. In 
this context, it would be more desirable to use 
readily available racemic ketones and air- and 
moisture-stable nucleophiles for the general 
construction of stereodefined o,f-stereogenic 
tertiary alcohols in an enantioconvergent man- 
ner (Fig. 1C). 

Among general approaches for achieving 
an enantioconvergent synthesis of tertiary 
alcohols with contiguous stereocenters, the 
dynamic kinetic asymmetric transformation 
(DyKAT) of racemic a-chiral ketones through 
the addition of air- and moisture-stable organo- 
boronate reagents provides an elegant and 
efficient solution that is applicable to synthe- 
size complex and functionalized targets (11-18). 
In general, to achieve a selective and efficient 
DyKAT, the first requirement is that the sub- 
strate racemization must be rapid [with a high 
Kyac (rate of racemization) in the equilibration 
between enantiomeric starting materials (S)- 
SM and (R)-SM] (Fig. 1D). In addition, there is 
asecond prerequisite: the reaction of the chiral 
catalyst with one enantiomer of the substrate 
must occur with high stereoselectivity and at 
a substantially higher rate than the other enan- 
tiomer (ks;>kp) to give the enantioenriched 
product. As one enantiomer of substrate is 
selectively consumed, the equilibrium shifts to 
allow both enantiomers of the racemic start- 
ing material to eventually convert into the 
chiral product. Thus, in principle, the maxi- 
mum theoretical yield of a DyKAT process is 
100%, which is superior to processes that are 
based on kinetic or classical resolutions with 
yields limited to 50%. The dynamic kinetic 
asymmetric hydrogenation of carbonyls has 
been well studied and even performed on more 
than a 100-ton scale annually to provide an 
ideal asymmetric synthesis of secondary alco- 
hols, and important contributions have been 
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made by the groups of Noyori (19), Zhou (20), 
Johnson (27), Zhang (22), and others (23). By 
contrast, dynamic kinetic asymmetric ketone 
additions to furnish chiral tertiary alcohols 
bearing adjacent stereocenters have been less 
explored. Currently, the DyKAT chemistry of 
ketones is limited to the addition of activated 
ketones (o-keto esters) to form complex glyco- 
lates, a technique developed by the Johnson 
group (24, 25). However, to date, dynamic ki- 
netic asymmetric additions to nonactivated 
ketones for general synthesis of chiral tertiary 
alcohols remain unreported. 

Several factors have impeded the develop- 
ment of a protocol for enantioconvergent ad- 
dition of nonactivated ketones (Fig. 1D). First, 
the racemization of nonactivated substrates 
through enolization is sluggish and requires 
strong bases, making it difficult to develop 
functional group-tolerant conditions that meet 
the kinetic requirements for a DyKAT. Second, 
the attenuated electrophilicity and increased 
steric hindrance of simple ketones lead to 
diminished reactivity for addition reactions 
in general. Third, the control over the dia- 
stereoselectivity and enantioselectivity for 
unactivated ketones is more challenging. For 
these reasons, almost all DyKATs of ketones 
use substrates bearing electron-withdrawing 
functional groups (such as ester or halogen 
groups) at the o-position of the ketone, and 
simple ketones are seldom used. However, we 
considered that developing a distinct reac- 
tivity paradigm for racemization and using a 
nontraditional carbonyl activation mode with 
a judicious choice of chiral ligand would ad- 
dress these longstanding critical challenges. 

Toward this goal, we recently developed a 
series of bulky yet flexible C.-symmetric chiral 
N-heterocyclic carbenes (NHC) (26), namely 
1,3-bis(4-methyl-2,6-bis((R)-1-phenylethyl)phenyl)- 
4,5-dihydro-1H-imidazol-3-ium-2-ide (SIPE)- and 
7,9-bis(4-methyl-2,6-bis((R)-1-phenylethyl)phenyl)- 
7H-acenaphtho[1,2-d]imidazol-9-ium-8-ide 
(ANIPE)-type ligands (27-29). We successfully 
applied the ligands to several challenging asym- 
metric transformations, including a highly 
enantioselective nickel-catalyzed arylation of 
ketones with organoboronates (30). A rare en- 
antioselective n°-coordinating activation of 
ketone carbonyls and the subsequent cross- 
coupling-like mechanism is the key to enable 
a general synthesis of chiral tertiary alcohols 
(31). Recently, we made the discovery that un- 
der base-free conditions, Ni-ANIPE complex 
can rapidly catalyze the racemization process 
of a chiral nonactivated ketone [(R)-Ib], with 
the enantiomeric excess (ee) of (R)-Ib decreas- 
ing from 98 to 0% in 15 minutes in the pres- 
ence of 5 mol % Ni-L1 at 30°C (Fig. 1E, reaction 
1). We reasoned that electron-donating NHC- 
ligated Ni(O) species facilitate oxidative cycli- 
zation to form an 1” Ni-ketone complex, which 
could undergo a reversible B-H elimination 
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A Tertiary alcohols bearing adjacent stereocenters in bioactive molecules 


F F& | } 
\ 2 Me 
sirturo voriconazole prodine efinaconazole 


(anti-tuberculosis drug) (broad-spectrum antifungal) (opioid analgesic) (broad-spectrum antifungal) 
B Cc 


enantioenriched tertiary alcohols 
bearing adjacent stereocenters 


Oo 
O 
4 
RL Re diastereoselective addition ae Nu enantioconvergent addition Rhee 
= 3 
R2 Nu-MgX or Nu-Li AR Nu R? 
R 

enantiopure difficult-to-access starting materials/ readily available starting materials/ racemic 

a-chiral racemization during reaction or storage/ strategic application of racemization/ a-branched 

ketones limited scope of reagents and functional groups previously limited to activated ketones ketones 


D The requirements and challenges in dynamic kinetic 
asymmetric transformation (DyKAT) chemistry 


E Preliminary results of Ni-catalyzed base-free ketone racemization 
and dynamic kinetic asymmetric arylation 


Kr 1) 
(R\PSM) 0 2-2 = eee > (R)-P Et Ni(cod)2 (5 mol%) a 
slow pn Me L1 (5 mol%) (ee 
O c-hexane (0.2 M) 10% ee (5 min) 
30°C 6% ee (10 min) 
Kae Krac >> Ks >> Kr (R)-1b, 98% ee 0% ee (15 min) 
Ks 
(S)-SM — (S)-P 2) &t Ni(cod)> (5 mol%) Et 
fast pre Me , a L4 (5 mol%) pre 
challenges: “ c-hexane (0.2 M) Mé ‘OH 
Dynamic kinetic asymmetric addition reactivity Oo 30°C 24h 
to nonactivated ketones is unknown: djastereoselectivity 1b PhBneo (2a) : 3v 
enantioselectivity 0.2 mmol 1.5 equiv 92% yield, >20/1 dr, 96% ee 


F This work: general Ni-catalyzed dynamic kinetic asymmetric arylation and alkenylation of ketones using organoboronates 


base-free racemization of 


L1-Ni(0) (cat.) 


nonactivated ketones HO,, Nu 
eee ~ RI Nu~Bneo - Bae 
R?2 L1-Ni(0) R? ie nena R? 
(cat.) enantioenriched 


RE OA: oxidative cyclization 

RE: reductive elimination 
y L4 
L1 F 

-Ni-H ; 
- Om Ni /-H elimination ie) reinsertion 
R R3 R' Zz : R! 
R? reinsertion R? fH elimination — 2 


Fig. 1. Bioactive tertiary alcohols, their synthesis by traditional diastereoselec- 
tive addition, and this work’s DyKAT strategy. (A) Representative drugs 
demonstrating the ubiquitous nature of chiral tertiary alcohols in bioactive organic 
molecules. (B and C) Contrasting traditional methods and our proposed 
enantioconvergent approaches to enantioenriched tertiary alcohols bearing adjacent 
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on 
most >20:1 dr tertiary alcohols 


R' = alkyl, (hetero)ary! 

R? = aryl, NR4R°, OR®, alkyl 
Ni R° = alkyl, (hetero)ary! 

RS L Ph Nu = (hetero)aryl, alkenyl 

(R,R,R,R)-ANIPE (L1) 


stereocenters. (D) The requirements and challenges of dynamic kinetic asymmetric 
addition to nonactivated ketones. (E) The discovery of a rapid nickel-catalyzed 
racemization of unactivated ketones and its application in DyKAT chemistry. (F) A 
nickel catalyst for general enantioconvergent addition of racemic nonactivated ketones 
to generate various chiral tertiary alcohols bearing two contiguous stereocenters. 
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Enantioconvergent arylation of simple ketones 
R! Ni(cad), (5 mal%) High diastereo- and enantioselectivity 


. 
a 
9 
R?2 ese, alae ® Stable and readily available reagents 
+ Ar?.Bneo —NaOBu (10 mol) 2 = Broad scope and functional compatibility 
{e) ~chexane (02M) (0.2 M) HO R E P 

30°C, 24h ® Tertiary alcohols bearing adjacent stereocenters 

a 


>20:1 dr (RRR, Ss -ANIPE Products otherwise difficult to access 
unless otherwise indicated 


fe) 
Me ii OTBS ‘a 
CO HO Me 5 
HO Me 


3b, 91%, 91% ee 3c, 92%, 92% ee 3d, 91%, 93% ee 3e, 83%, 92% ee 


1 (0.2 mmol) 2 (1.5 equiv) 


racemic X-ray structure of 3c 


(Hetero)aryl Boronates 


OCF; CO, Et 


HO M 4 
2 HO Me 
3h, 79%, 92% ee 3i, 91%, 93% ee 3j, 65%, 88% ee 3k, 96%, 91% ee 31, 88%, 94% ee 3m, 83%, 87% ee 3n, 95%"#, 96% ee 
No Me OMe 
~Me Et a 
SUN 
HO Me HO Me 
3q, 20%, 90% ee 3r, 65%t, 94% ee 3s, 88%*, 95% ee 3t, 96%, 94% ee 3u, 45%, 91% ec 


cr ne etn Pec Sn anf ee en ee SE ape ee ae Alkyl-Alkyl Ketones 9 ~>> >>> 770000000 n nnn n nse rse sens s sree cena eee e eee e ees 


OC) Ph 
ere F Led Me F ; 
F F 


3v, 98%, 97% ee 3w, 95%, 93% ee 3x, 83%, 94% ee 3y, 84%, 93% ee 


HO Me 


HO Me 


3z, 97%*, 94% ee 4a, 78%* , 86% ee 4b, 96%*, 95% ee 


\LO HO Me 
Me 
4c, 45%, 98% ee 4d, 99%, 98% ee 4e, 80%", 93% ee 4f, 93%t*, 89% ee 4g, 81%t# 4h, 65%t* 4i, 90%, 90% ee 
90% ee, 17:1 dr 80% ee, 8:1 dr 


one en nce ne ene e eee c nee e eee eee e eee e eee e eee ene eee ee ee ee ee eee Aryl-Alkyl Ketones — -- -------------------------------------------------------3 


"O 


C 


4p, R = "Bu, 65%", 88% ee 
4k, 86%, 91% ee 4l, 83%, 90% ee 4m, 67%, 85% ee 4n, 92%1 , 91% ee 40, 98%", 87% ee 4q, R = CFs, 82%, 86% ee 


4r, 50% #1, 86% ee 


4s, 68%, 97% ee 4t, 71% * MT, 91% ee 4u, 82%", 98% ee Av, 95%, 80% ee 4w, 99%, 91% ee 4x, 93%, 80% ee 


Fig. 2. Scope of nickel-catalyzed enantioconvergent arylation of a-aryl ketones. The yields of isolated products on a 0.2 mmol scale are shown. Values ee 
and dr were determined with HPLC and NMR analysis. The relative and absolute stereochemistries of products are shown according to the x-ray structure of 3c. 
+10 mol % catalyst, 20 mol % NaO'Bu; +10 mol % catalyst, 20 mol % NaO'Bu, 50°C, 48 hours; §toluene as the solvent; 980°C. “50°C; **48 hours; ttTi(O'Pr)4 was 


added (supplementary materials). 


and reinsertion to rapidly racemize the ketone | ketones as substrates. Moreover, given the | alyst for the enantioconvergent addition of 
(Fig. 1F). We considered that these excep- | excellent levels of stereocontrol that have | sp” carbon nucleophiles into racemic, non- 
tionally rapid and mild racemization condi- | previously been achieved with ligands in the | activated ketones. A preliminary test of the 
tions would constitute a promising platform for | ANIPE family, we speculated that Ni-ANIPE | feasibility with racemic ketone Ib with phenyl- 
the development of DyKATs that use o-chiral | would be a general and highly selective cat- | boronic acid neopentylglycol ester (PhBneo; 
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R2 Ni(cod)> (5 mol%) 


RA Rt . L4/HCI (5 mol%) 


NaO'Bu (10 mol%) 
5 (X = N) or 8 (X =O) 


c-hexane (0.2 M) 
racemic (0.2 mmol) 


Ar-Bneo 


50 °C, 24h 
>20:1 dr 
unless otherwise indicated 


2 (1.5 equiv) 


6a, R° =H, 99%, 94% ee 

6c, R° = OMe, 85%, 94% ee 

6d, R° = OTBS, 88%, 93% ee 

6g, R° = F, 88%, 95% ee 

6h, R° = CF3, 88%, 96% ee 

6j, R° = OCF3, 90%, 95% ee 

6k, R® = COZEt, 75%, 95% ee 
6m, R° = SO2Me, 55%, 96% ee 
6n, R° = C(O)NMep, 64%, 94% ee 
60, R° = SO,NMe2, 42%, 96% ee 


Me 
4 ig . ag N Me af Me 
wr a & 2 ph Me SN wr 
Mé OH Bn Me OH Bn md OH bn Me OH Bn 


6p, 74%, 94% ee 6q, 79%", 95% ee 


MeO 


6v, 93%, 85% ee 6w, 90%: #8, 91% ee 


Cyclic Ketones 


9a, 82%, 87% ee, 9:1 dr 


9b, 56%, 90% ee, 7:1 dr 


6b, 94%, 93% ee 


6r, 88%* , 90% ee 


6x, 95%t' +1, 89% ee 


X-ray structure of 6a Ph Ph 
(Hetero)ary! Boronates 
LA OH a 


Me ten Bn 


Ge, 88%, 92% ee 


6s, 98%, 92% ee 
--- Aryl-Alkyl Ketones 


F3C. 


6y, 76%, 92% ee 


6z, 48%, 87% ee 


7f, 72%*, 96% ee 


Ons 


Mé on 


7g, 51%, 89% ee 


Ota 


Me OH Lo 


7p, 36%t +8 84% ee 


To, 41%: +8, 76% ee 40:4 dr 


B-Alkoxy Tertiary Alcohols 


Pry 
Ro 


9c, 47%", 81% ee, 6:1 dr 9d, 60%", 85% ee, 6:1 dr 


R2 
A AR! 
ies Sg 


6f, 80%, 94% ee 


6t, 85%t, 94% ee 


9e, 95%, 90% ee, 6:1 dr 


Enantioconvergent arylation of «-amino(oxy) ketones 
High diastereo- and enantioselectivity 

Readily available and stable substrates 

Broad scope of amines and N-substituents 

Vicinal amino(oxy) tertiary alcohols 

Products otherwise difficult to access 


Mé OH Ba 


6i, 74%, 94% ee 61, 93%, 94% ee 


seaen 


Me OH Bn 


7k, R = OCF3, 93%, 95% ee 
7I, R =F, 88%, 94% ee 
7m, R = ‘Bu, 86%, 93% ee 


Gu, 82%t +8, 94% ee 7j, R= COZEt, 80%, 95% ee 


Alkyl-Alkyl Ketones 
Me C ) 
nN 
; Mé OHMe 


7a, 80%, 82% ee Ti, 92%, 86% ee 


% 1 | 3 


Me OH 


Th, 64%, 91% ee 7n, 82%, 87% ee 


SB 


Tr, 50%t: +1, 90% ee 


Ph, OH 


9f, 23%1, 76% ee 


Fig. 3. Scope of nickel-catalyzed enantioconvergent arylation of a-amino or a-oxy ketones. The yields of isolated products on a 0.2 mmol scale are shown. 
Values ee and dr were determined with HPLC and NMR analysis. The relative and absolute stereochemistries of products are shown according to the x-ray structure of 
6a. +10 mol % catalyst, 20 mol % NaO'Bu; +Ti(OiPr), was added; §60°C; 980°C; #1.0 equiv NaO'Bu (supplementary materials). 


2a) delivered product 3v in 92% yield with 
96% ee and complete [>20:1 diastereomeric ra- 
tio (dr)] diastereocontrol (Fig. 1E, reaction 2). 
On the basis of these key preliminary findings, 
we report enantioconvergent addition (includ- 
ing arylation and alkenylation) of boronate 
esters into nonactivated ketones to deliver 
enantioenriched tertiary alcohols with adja- 
cent stereocenters in high diastereo- and en- 
antioselectivities and chemical yields (Fig. 1F). 
In a single operation, multiple important clas- 
ses of challenging and value-added tertiary 
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alcohols—including a-aryl tertiary alcohols, 
tertiary allylic alcohols, o,8-amino alcohols, 
B-alkoxy alcohols, and £,f-dialkyl alcohols, 
compounds that previously required multi- 
step synthetic procedures to access—were 
prepared directly from readily available and 
inexpensive organoboronates and racemic 
ketones. 


Reaction optimization 


To develop the enantioconvergent arylation of 
ketone, we selected 2a and ketone 1a as the 
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model substrates using imidazolium chloride 
and base as the ligand for nickel catalyst, in- 
stead of free NHC (supplementary materials). 
After extensive investigation of reaction pa- 
rameters, we identified the optimized reaction 
condition as 1a (1.0 equiv), 2a (1.5 equiv), 5 mol % 
of Ni(cod), and NHC (L1/HCI, readily pre- 
pared on 50 g scale) (supplementary mate- 
rials), and 10 mol % of NaO‘Bu (sufficient for 
in situ deprotonation of imidazolium chloride, 
but insufficient to promote racemization) in 
cyclohexane at ambient temperature (30°C) 
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= Readily available and stable substrates 

= Broad scope of vinylboronates and ketones 

® Vicinal tertiary allylic alcohols 
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Fig. 4. Scope of nickel-catalyzed enantioconvergent alkenylation of racemic ketones. The yields of isolated products on a 0.2 mmol scale are shown. {50 mol 
% Ti(OiPr)4 was added; +10 mol % catalyst, 20 mol % NaO‘Bu, 50°C. 


for 24 hours (Fig. 2). The tertiary alcohol 3a 
(Fig. 2) was obtained in quantitative yield 
with 92% ee and >20:1 dr. A completely base- 
free condition with free NHC (LI) gave com- 
parable results (supplementary materials). 
We found a series of commonly used chiral 
phosphine and NHC ligands to be ineffec- 
tive for this arylation reaction, probably be- 
cause of the low reactivity of the bulky ketone 
substrate and difficult enantiodiscrimina- 
tion of the dialkyl substituents. Increasing the 
amount of NaO’Bu substantially lowered the 
chemical yield, and three equivalents of base 
completely inhibited the reaction (supple- 
mentary materials). We reasoned that a sig- 
nificant excess of the base could build up a 
high concentration of the enolate form of 
the ketone substrate, resulting in no desired 
arylation but an aldol side reaction. Control 
experiments without ligand or nickel cata- 
lyst led to no reaction, suggesting the critical 
role of the Ni-NHC catalyst (supplementary 
materials). 
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Arylation substrate scope 

With the optimized reaction conditions, we 
first explored the scope of arylboron com- 
ponents for this DyKAT protocol (Fig. 2, 3a 
to 3u). Both electron-rich and electron-poor 
arylboronates readily underwent arylation, 
giving rise to tertiary alcohol products in high 
yields and diastereo- and enantioselectivities 
(3a to 3p, 84 to 96% ee, >20:1 dr). Many func- 
tional groups such as ether (Se), silyl ether 
(3d), tertiary amine (3e), fluorine (3h), tri- 
fluoromethyl (3i and 3j), trifluoromethoxy 
(3k), ester (31 and 3m), amide (3n), sulfone 
(30), and sulfonamide (3p) were compati- 
ble with the arylation reaction. Arylboronic 
esters bearing pharmaceutically important 
heterocycles such as benzofuran (3q), benzo- 
thiophene (3r), indole (3s), quinolone (3t), 
morpholine (3e), and pyridine (3u) all served 
as competent substrates that create pro- 
ducts in good to excellent yields with high 
diastereo- and enantioselectivities (88 to 94% 
ee, >20:1 dr). 
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Subsequently, we surveyed the scope of 
ketone substrates (Fig. 2, 3v to 4x). Ketones 
with different a-substituents—including methyl, 
ethyl, bulky cyclohexylmethyl, benzyl, cinnamyl, 
and prenyl groups—could all be converted 
to desired tertiary alcohols in high yield and 
with high ee (Sv to 4a, 86 to 97% ee, >20:1 dr). 
Substrates containing an acetal, a free hydroxyl 
group, and an alkyl chloride underwent an 
arylation reaction to afford complex alcohol 
products in good yields and with excellent ee 
(4b to 4d, 95 to 98% ee, >20:1 dr). Then, we 
investigated the ketone substrates substituted 
with different o-aryl groups and found that 
electron-rich, -neutral, and -poor substituents 
(3x to 4e, 4n, 4t, 40, and 4u) were all com- 
patible with this transformation. Moreover, sub- 
strates bearing furan (4f) and N-methylindole 
(4w) also worked well. Dialkyl ketones with 
different chain lengths were also suitable part- 
ners for this reaction, albeit with a slight loss 
of diastereo- and enantioselectivity as the chain 
grew (4g to 4h, 80 to 90% ee, 8:1 to 17:1 dr). 
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A Application to exclusively alkyl-substituted ketones (Ar = 2-naphthyl, all >20:1 dr) 
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L4/HCI (5 mol%) 
Me NaO'Bu (10 mol%) 
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Fig. 5. Application of the DyKAT arylation to exclusively alkyl-substituted 
ketones, synthetic elaboration, and drug modification. (A) Reactions with 
challenging o,,c-dialkyl ketones. (B) Gram-scale arylation and alkenylation reaction. 
(C) One-step synthesis of a y-butyrolactone derivative. (D) Stereoretentive construction 


94% ee, >20:1 dr (u-opioid receptor antagonist) 


of an acyclic all-carbon quaternary stereocenter. (E) Combination of vinylation and 
hydrogenation for a formal alkylation reaction. (F) Synthesis of an ephedrine mimic. 
(G and H) Application of the enantioconvergent arylation strategy in modifying profen- 
type drugs and synthesizing prodine and alvimopan (supplementary materials). 


We also examined the reactivity of aryl ketone 
substrates (4i to 4ur). Commercially available 
1,2-diphenylbutan-1-one effectively underwent 
enantioconvergent arylation with different 
arylboronates to give diaryl-substituted ter- 
tiary alcohols in moderate to excellent yield 


lectivity, despite the potential low reactivity 
caused by extremely hindered substrates (44 
to 4r, 84 to 91% ee, > 20:1 dr). Especially aryl 
ketones bearing heterocycles—such as pyri- 
dine (4r), furan (4s), and thiophene (4t)— 
were all suitable substrates (86 to 97% ee, 


with high levels of diastereo- and enantiose- 
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>20:1 dr). Aside from acyclic ketones, various 
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a-stereogenic cyclic ketones also performed 
well to afford highly complex tertiary alcohols 
bearing adjacent stereocenters (4s to 4x, 80 
to 98% ee, >20:1 dr). Last, the absolute and 
relative configuration of 3c was determined 
by means of x-ray crystallographic diffraction 
analysis. Ketones with a-aryl a-alkyl substituents 
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A Reactions using chiral 1b or racemic 1b 


Et Et 
oes standard conditions oes 
+ 
9 Ph-Bneo (1.5 equiv) 9 
1b 1b (recovered) 


(R)-1b, 98% ee 1h 59% yield, 97% ee, >20:1 dr 40% yield, 0% ee 


3.5h 99% yield, 97% ee, >20:1 dr <1% yield 
(S)-1b, >99% ee 35h 36% yield, 97% ee, >20:1 dr 65% yield, 0% ee 
(+)-1b, 0% ee 3.5h 75% yield, 97% ee, >20:1 dr 22% yield, 0% ee 


B Reactions using ent-L1/HCl 


Ni(cod), (5 mol%) 
Et ent-L1/HCl (5 mol%) 


Me . Ph-Bneo NaO'Bu (10 mol%) 
fe) (1.5 equiv) c-hexane (0.2 M) 
te 30°C, 24h ent-3v, 87% yield 


96% ee, >20:1 dr 


Ni(cod), (5 mol%) 
Me ent-L1/HCl (5 mol%) Me 


Me n7P 4 Ph-Bneo NaO'Bu (10 mol%) oy Ph 
! (1.5 equiv) c-hexane (0.2 M) y I 
[@) Bn = 
50°C, 24h MeOH Bp 
5a ent-6a, 84% yield 


92% ee, >20:1 dr 


D Racemization of unactivated a.,a-dialkyl ketones under base-free conditions 
0 Ni(cod), (5 mol%) 
Ph L1 (5 mol%) = 
c-hexane (0.2 M), 30 °C 


(R)-1¢ 
31% ee (30 min) 
7THee (1h 
(R)-1c, >99% ee 0% ee i 


© Ni(cod), (5 mol%) 


Ph L4 (5 mol%) 
c-hexane (0.2 M), 30 °C 


ans, 


(S)-1c 


57% ee (30 min) 
21% ee (1 h) 
(S)-1¢, >99% ee 2% e€ (2 h) 


E Reactions to exclude other possible racemization pathways 


Et Et 
Me L1 (5 mol%) Me 
fe) c-hexane (0.2 M) fe) 
30°C, 3h 


(R)-1b, 98% ee (R)-1b, 98% ee 


Ni(cod), (5 mol%) 
c-hexane (0.2 M) 
30°C, 3h 


(R)-1b, 98% ee (R)-1b, 95% ee 


NaO'Bu (5 mol%) 
Ph-Bneo (1.5 equiv) 
c-hexane (0.2 M) 
30°C, 3h 


(R)-1b, 98% ee ~ (R)-1b, 97% ee 


F Proposed catalytic cycles 


E 
Et A Me Me 
Ph = Fy 
_Nj2 
pn AgPh L1-Ni iS 


C Meé OBneo matched mismatched 
Base-free reactions using free NHC ligand reductive oxidative 
elimination cyclization rapid 
Ni(cod)2 (5 mol%) racemization L1-Ni? 
5a é Ph-Bneo L1 (5 mol%) 6a, 90% yield 
(1.5 equiv) c-hexane (0.2 M) 93% ee, >20:1 dr “1 enantioconvergent Ei Et 
50°C, 24h 1 nickel catalysis = 
Ni Me Ph Me 
Ph~ > Ph eh 6 Nita sati4 
= —Ni- —NI-| 
Ries Ni(cod), (5 mol%) = 
sa SL L1 (5 mol%) 11a, 95% yield 
Me~ ~Me c-hexane (0.2 M) 92% e8, >20:1 dr transmetalation 
(1.5 equiv) 30 °C, 24h 


Fig. 6. Control experiments and proposed catalytic cycles. (A) Reactions 
with chiral and racemic ketone substrates to support the rapid racemization 
process and identify match or mismatch substrates. (B) Reactions 


Ph-Bneo 


arylation and vinylation of ketones under base-free conditions. (D) Fast 
racemization of unactivated o,a-dialkyl ketones under base-free conditions. 
(E) Reactions to exclude other possible racemization pathways. (F) Proposed 


with enantiomeric ligand to obtain the enantiomeric 


are rarely used in DyKATs because of their low 
acidity. However, our use of these less activ- 
ated substrates in this method allowed the ex- 
pedient synthesis of complex compounds that 
could be difficult to access by other approaches. 


Extension to a-amino or a-oxy ketones 


Optically pure amino alcohols are prominent 
structural motifs prevalent in pharmaceuticals 
and bioactive natural products (Fig. 1A). Fur- 
thermore, these compounds are also used as 
chiral auxiliaries, ligands, and catalysts in 
asymmetric synthesis. The asymmetric hydro- 
genation of amino ketones is the most efficient 
for synthesizing chiral amino alcohols. Dy- 
namic kinetic asymmetric hydrogenation of 
racemic o-amino ketones to vicinal amino sec- 
ondary alcohols has also been developed (32). 


Ruan et al., Science 379, 662-670 (2023) 17 February 


products. (©) DyKAT catalytic cycles. 


However, asymmetric catalytic construction of 
vicinal amino tertiary alcohols is rare, despite 
this functionality being an essential building 
block for synthesis and privileged substructure 
in marketed antifungal agents (Fig. 1A). Typ- 
ically, this moiety is synthesized through di- 
astereoselective organometallic addition to 
laboriously prepared chiral o-amino ketones 
(33). Enantio- and diastereoselective catalytic 
nitroaldol reactions of ketones are few (34), 
even though the subsequent reduction of the 
nitro group to amine is required. Moreover, 
the direct catalytic asymmetric synthesis 
of 1,2-amino tertiary alcohols is limited in 
the scope of coupling partners (35). To date, 
the only general enantioselective method is the 
2-azadiene-ketone reductive coupling recently 
reported by Li et al. (36). However, these 
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methods require substrates with N-protecting 
groups that inherently affect the step or redox 
economy. Therefore, a straightforward and gen- 
eral approach that enantioselectively assembles 
tertiary amino alcohols with various desired 
amine substituents is highly sought after. 

We therefore focused on the enantioconver- 
gent synthesis of tertiary amino alcohols using 
a racemic a-benzyl(phenyl)amino ketone (5a) 
and PhBneo (2a) as the model substrate. After 
a quick screening of reaction parameters (sup- 
plementary materials), we identified the optimal 
reaction conditions as otherwise conserved ex- 
cept for the temperature, which we simply ele- 
vated to 50°C. With the conditions established, 
we first investigated the scope of arylboron 
coupling partners for this enantioconvergent 
arylation reaction. As shown in Figure 3 (6a to 
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6s), a wide variety of arylboronates with both 
electron-donating and electron-withdrawing 
substituents readily participated in the reaction, 
affording vicinal amino tertiary alcohols in high 
yelds and enantioselectivities with complete 
diastereocontrol (6a to 6o, 92 to 96% ee, 
>20:1 dr). Moreover, functional groups includ- 
ing ether (6e, 6e, and 6f), silyl ether (6d), 
fluoride (6g), trifluoromethyl (6h and 61), tri- 
fluoromethoxy (6j), ester (6k and 61), sulfone 
(6m), amide (6n), and sulfonamide (60) were 
well compatible under the arylation condi- 
tions. In addition to arylboronates, hetero- 
arylboronates bearing benzothiophene (6p), 
benzofuran (6q), indole (6r), and quinolone 
(6s) were all viable substrates giving products 
in good yield with excellent enantio- and di- 
astereoselectivities (90 to 95% ee, >20:1 dr). 

We next examined the scope of racemic 
a-amino ketone substrates (Fig. 3, 6t to 7r). 
Dialkyl ketones with longer alkyl chains, such 
as ethyl and butyl groups, delivered tertiary 
amino alcohols in similarly high yields and 
selectivities (6t to Gu, 94% ee, >20:1 dr). A 
series of exceptionally bulky aryl-alkyl ke- 
tones proceeded effectively, with heteroaryl 
and arylboronates providing complex vicinal 
amino diary] tertiary alcohols in 82 to 92% ee 
and excellent diastereoselectivities (6v to 7a, 
>20:1 dr). Cyclic a-amino ketones such as 
cyclohexanone, cyclopentanone, tetrahydro- 
pyranone, and piperidinone were all feasible 
coupling components affording cyclic amino 
tertiary alcohols in a single operation with 
high yield and selectivities (7b to 7f and 
7q, 75 to 96% ee, >20:1 dr). Subsequently, we 
assessed the scope and type of the a-amino 
substituent. As we expected, various substrates 
containing alkyl-aryl amines with different 
substituents (7i to 7m, 86 to 95% ee, >20:1 dr) 
and dialkyl amino groups successfully de- 
livered products (70 to 7q, 76 to 84% ee, 
10:1 to >20:1 dr), albeit with diminished re- 
activity and selectivity in some cases. Sub- 
strates with medicinally important saturated 
or unsaturated N-heterocycles such as indoline 
(7e to 7f), dihydroquinoline (7g), tetrahydro- 
benzoazepine (7h), dihydrobenzooxazine (7n), 
morpholine (7p), piperidine (7q), and indole 
(7r) all effectively underwent the enantiocon- 
vergent arylation reaction furnishing cyclic 
amino tertiary alcohols. These products, espe- 
cially those containing cyclic amines, are very 
challenging to synthesize by methods with 
substrates with N-protecting groups. Addi- 
tionally, the relative and absolute configura- 
tion of the product (6a) was confirmed with 
x-ray crystallography. 

Chiral B-alkoxy alcohols are essential chiral 
building blocks in asymmetric synthesis. 
Asymmetric ketone hydrogenation has been 
reported to prepare B-alkoxy secondary alco- 
hols (20). However, enantioselective catalytic 
synthesis of B-alkoxy tertiary alcohols remains 
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elusive. We found that the coupling of com- 
mercially available racemic benzoin isopropyl 
ether and several functionalized aryl or heter- 
oaryl boronates in our standard nickel-catalyzed 
conditions proceeded effectively, producing 
complex f-alkoxy tertiary alcohols in good 
yields with synthetically useful diastereo- and 
enantioselectivities [9a to 9d, 81 to 90% ee, 
6:1 to 9:1 dr (Fig. 3)]. Less hindered dialkyl 
a-oxy-ketones also performed well, although 
a homoallylic ether substrate showed lower 
reactivity when we used a bulkier ANIPE-type 
ligand (9e to 9f, 76 to 90% ee, 6:1 to >20:1 dr) 
(supplementary materials). 


Asymmetric alkenylation 


Enantioenriched allylic alcohols are among 
the most important structural units in organic 
synthesis. They are found in a myriad of bio- 
active molecules and drugs; they are vital 
chiral synthons that undergo diverse trans- 
formations to afford various stereodefined 
targets of value in chemistry. Consequently, 
the asymmetric synthesis of allylic alcohols 
has been a critical topic for methodology de- 
velopment for decades (37). However, the 
enantioselective synthesis of tertiary allylic al- 
cohols is still challenging. Recent progress on 
asymmetric vinylation of ketones, arguably the 
most efficient method, has been achieved with 
stepwise-preformed vinyl zinc (38), enyne (39), 
or vinyl boronic acid (40). Nonetheless, these 
reactions are limited to sensitive organome- 
tallic vinyl sources, activated ketones, or the 
preparation of dienyl allylic alcohols. The es- 
tablished systems are not amenable to synthe- 
sizing chiral vicinal tertiary allylic alcohols. 
Thus, a general and practical asymmetric vinyl- 
ation of ketones, especially one with readily 
available reagents and capable of simultane- 
ous construction of two stereocenters, is in 
high demand. 

To this end, we focused on expanding our 
arylation reaction to enantioconvergent vinyl- 
ation of racemic ketones (Fig. 4). We found 
that the vinylation reaction between a-amino 
ketones (5) and a trisubstituted alkenylboro- 
nate performed well to give vicinal amino ter- 
tiary allylic alcohol (11a) in nearly quantitative 
yield with 95% ee and >20:1 dr. Regarding the 
scope of a-amino substituents, a range of alkyl 
aniline containing functional groups—such as 
fluorine (11b), trifluoromethoxy (11e), trifluor- 
omethyl (11d), amide (11f), and ester (11g), as 
well as N-heterocycles including dihydroqui- 
noline (11i) and dihydrobenzooxazine (11j)— 
were all readily incorporated into the amino 
allylic alcohol products in high yields with '70 
to 95% ee and >20:1 dr. As for the scope of 
vinylboronates, both acyclic or cyclic substrates 
and alkyl-, alkenyl-, and aryl-substituted vinyl 
substrates all successfully coupled with a-amino 
ketones to deliver products in 73 to 94% ee 
and >20:1 dr (11K to 11s). As we expected, this 
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dynamic kinetic asymmetric vinylation strat- 
egy is also suitable for a-aryl ketones, giving 
rise to many chiral tertiary allylic alcohols in 
74 to 95% ee with all >20:1 dr (12a to 12h). 


Further applications 


Probably because of the formidable difficulty 
in simultaneously achieving facile racemiza- 
tion and stereocontrol, o,c-dialkyl ketones are 
particularly challenging substrates with lower 
acidity and have not been used in the DyKAT 
addition chemistry. Encouraged by the racemi- 
zation reactivity and the excellent levels of 
stereocontrol in our protocol, we thought that 
this strategy would also be applicable to these 
most challenging substrates. We found that a 
wide range of commercially available cyclic or 
acyclic a,a-dialkyl ketones (with benzyl, allyl, 
linear alkyl, and branched alkyl substituents) 
successfully participated in the DyKAT delivery 
of tertiary alcohol products with high yield and 
stereoselectivities [13a to 13h, 58 to 95% ee, 
>20:1 dr (Fig. 5A)], further highlighting the 
generality of our method. To demonstrate 
the scalability of the reaction, we performed 
gram-scale reactions (Fig. 5B). Arylation of 
a-aryl ketone la (5.5 mmol) or alkenylation of 
a-amino ketone 5a (4.0 mmol) in the presence 
of lower loading of catalyst (1 or 4 mol %) 
provided the corresponding tertiary alcohols 
in high yield (>1 g obtained) with similar levels 
of enantio- and diastereoselectivity as before. 
Moreover, our use of an air-stable Ni(0)- 
precatalyst allowed us to perform the reac- 
tion under glovebox-free conditions [using 
Schlenk techniques (supplementary materials)]. 
Considering the sterically encumbered nature 
of the tertiary alcohol installed in the arylation 
reaction, we considered whether this function- 
ality could be applied in downstream trans- 
formations. The enantioconvergent arylation 
of a racemic y-ketoester and the subsequent 
lactonization occurred in a single operation 
providing access to a y-butyrolactone derivative 
(14) featuring two adjacent stereocenters in 
91% yield with 93% ee and >20:1 dr (Fig. 5C). 
This result prompted us to explore more gen- 
eral transformations. By using Watson’s 
stereoretentive nickel-catalyzed Suzuki-Miyaura 
coupling protocol (41), we successfully con- 
verted the acylated tertiary alcohol to the 
complex molecule 16, which contained two 
contiguous chiral centers with an acyclic all- 
carbon quaternary center in high efficiency 
(Fig. 5D). Furthermore, Pd-catalyzed hydroge- 
nation of amino allylic alcohol 11a gave the cor- 
responding alkylated amino alcohol 17 in 93% 
yield (Fig. 5E). Therefore, the combination of 
vinylation and reduction provides a formal 
DyKAT alkylation of racemic ketones. Another 
hydrogenation reaction through Pd catalysis 
afforded debenzylated product 18, a tertiary 
amino alcohol isomer of sympathomimetic 
amine ephedrine (Fig. 5F). In addition, 18 is 
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the key precursor for synthesizing privileged 
chiral Pybox ligand (42). To further showcase 
the applicability of the DyKAT strategy in 
drug modification, we converted the common- 
ly used, nonsteroidal, and anti-inflammatory 
medicines ibuprofen, naproxen, and ketopro- 
fen to their ketone derivatives, which can all 
undergo the enantioconvergent arylation with 
excellent diastereo- and enantiocontrol regard- 
less of whether racemic or enantiopure pre- 
cursors were used (Fig. 5G). Drug mimics 19 
and 20 were obtained in high yields (93 to 
94%), whereas the ketoprofen mimic 21 was 
prepared in a lower yield because of the com- 
petitive reaction of two ketone groups in the 
substrate. The arylation products (13g and 
13h) were subjected to esterification condi- 
tions to give an opioid analgesic, prodine (22), 
and the precursor to p-opioid receptor antag- 
onist alvimopan (23) (43), respectively, further 
demonstrating the utility of the current pro- 
tocol (Fig. 5H). 


Mechanistic studies 


We next conducted several control experiments 
to gain insight into the DyKAT process. First, 
we separated the two enantiomers of o-branched 
ketone (R)-Ib and (S)-Ib by using preparative 
high-performance liquid chromatography 
(HPLC) and subjected them and racemic-1b 
to the standard reaction conditions, respec- 
tively (Fig. 6A). Both enantiomers and race- 
mate were transformed to product 3vin 97% 
ee with the same absolute and relative con- 
figuration, which indicates a complete catalyst- 
controlled process. When we used (R)-Ib, the 
product 3v was obtained with 59% yield in 
1 hour (with 40% Tb recovered) and with 99% 
yield in 3.5 hours. However, when we used 
(S)-Ib as substrate, only 36% 3v was obtained 
in 3.5 hours (with 65% Ib recovered). The re- 
action with racemic Ib gave a middle yield of 
75% in 3.5 hours (with 22% 1b recovered). 
These results reveal that (R)-Ib is the stereo- 
chemically matched substrate with the Ni-L1 
catalyst, giving a faster reaction than that of 
(S)-Ib. The recovered substrates were all race- 
mic, which suggests that racemization is far 
more rapid than the arylation step, which is 
a requirement for a DyKAT to occur. More- 
over, when we used the enantiomer of L1/HCl 
[(S,S,S,S)-ANIPE/HC]] instead of L1/HCl, enan- 
tiomers of 3v and 6a were generated efficiently, 
again indicating the excellent catalyst-controlled 
course (Fig. 6B). 

The reaction performed well under base-free 
conditions. We then subjected free NHC (L1) 
to the DyKAT arylation and vinylation reac- 
tions of o-amino ketone 5a (Fig. 6C). These 
reactions also proceeded effectively, giving the 
corresponding products in similar levels of 
yield, enantio-, and diastereoselectivity with 
the in situ NHC generation method. We also 
observed fast racemization of the less acidic 
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a,a-dialkyl ketones [(R)-1e and (S)-1e] under 
base-free conditions (Fig. 6D). We next per- 
formed several control experiments to rule out 
other possible racemization pathways. The re- 
actions with free carbene and Ni(cod)s, respec- 
tively, did not promote ketone racemization 
(Fig. 6E). In another experiment, we found 
that the combination of base and boronic ester 
(5 mol % of base and 1.5 equiv of PhBneo for 
mimicking the reaction conditions) also did 
not racemize the ketone. These results sug- 
gest that both the racemization and C-C bond- 
forming processes occur in the absence of a 
base, and that the ketone racemization may not 
happen through a traditional base-deprotonating 
enolate-formation process. Thus, on the basis 
of our observations and previous reports (30, 37), 
we propose a catalytic cycle (Fig. 6F). A chiral 
L1-Ni(0) complex and the matched ketone 
substrate [(R)-Ib] undergo oxidative cycliza- 
tion to afford an oxanickelacycle. The oxanick- 
elacycle can be opened by PhBneo through 
transmetalation to form an aryl-alkyl nickel 
species, which undergoes reductive elimina- 
tion to give product and regenerate nickel cat- 
alyst. The rapid racemization under the Ni-NHC 
complex through a reversible B-H elimination 
and reinsertion efficiently converts (S)-1b to 
(R)-1b, allowing complete consumption of ke- 
tone substrate. 

Beyond the immediate utility of this meth- 
od, we anticipate that the Ni-NHC-enabled 
enantioconvergent strategy will spur the de- 
velopment of other DyKAT processes for the 
rapid synthesis of valuable complex targets. 
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ELECTRON FLUIDS 


Imaging the breaking of electrostatic dams in 
graphene for ballistic and viscous fluids 


Zachary J. Krebs'}, Wyatt A. Behn'}, Songci Li’, Keenan J. Smith’, Kenji Watanabe?, 
3, Alex Levchenko’, Victor W. Brar’* 


Takashi Taniguchi 


The charge carriers in a material can, under special circumstances, behave as a viscous fluid. In this work, 
we investigated such behavior by using scanning tunneling potentiometry to probe the nanometer-scale flow 
of electron fluids in graphene as they pass through channels defined by smooth and tunable in-plane p-n 
junction barriers. We observed that as the sample temperature and channel widths are increased, the electron 
fluid flow undergoes a Knudsen-to-Gurzhi transition from the ballistic to the viscous regime characterized 

by a channel conductance that exceeds the ballistic limit, as well as suppressed charge accumulation against 
the barriers. Our results are well modeled by finite element simulations of two-dimensional viscous current 
flow, and they illustrate how Fermi liquid flow evolves with carrier density, channel width, and temperature. 


he interactions between particles that 

make up a fluid play a critical role in how 

the fluid flows. At low densities, where 

the particles are free to move ballisti- 

cally, such as in gases, the conductance 
of a constriction is dependent on only the 
channel width and particle scattering from the 
walls, which leads to momentum loss. At higher 
densities, interactions between particles— 
which preserve momentum—become more 
frequent and can lead to collective flows that 
enhance conductance through the constriction 
beyond the ballistic limit (7, 2). This phenom- 
enon, which is exhibited by viscous fluids 
with laminar flow, was predicted by Gurzhi 
to also occur in electronic systems when the 
electron-electron (e-e) scattering length J... be- 
comes shorter than the momentum-relaxing 
scattering length /,,, stemming from electron- 
impurity and electron-phonon scattering (3, 4). 
Initially, signatures of this effect were observed 
in high-mobility gallium arsenide quantum 
wells and wires, manifested by a decrease of 
resistance with an increase of temperature 
(5-7) as well as other electron fluid-like be- 
haviors (8-11). 

The focus of recent attention on hydrody- 
namic phenomena largely concerns graphene, 
other two-dimensional (2D) van der Waals 
materials, and topological semimetals, where 
short e-e mean free paths and low Umklapp 
scattering rates allow the quasiparticles to 
form strongly correlated viscous Fermi or Dirac 
fluids (12-31). The range of hydrodynamic be- 
haviors that are predicted to occur in these 
viscous fluid states include current vortex for- 
mation (15, 16), higher-than-ballistic conduc- 
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tion (17, 18), strong nonlocality (22-24), and 
anomalous thermoelectric responses (25-28). 
To observe these effects, several experimen- 
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v 28-127 
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tal methods have been implemented. Trans- 
port measurements through a series of 
lithographed constrictions and strategically 
contacted samples have recently observed sig- 
natures of superballistic conductance as well 
as negative nonlocal resistance (32-34). In a 
parallel vein, a departure from the Mott rela- 
tions, a giant violation of the Wiedemann- 
Franz law, and breakdown of Matthiessen’s 
rule were observed in the hydrodynamic re- 
gime in graphene (35, 36). Meanwhile, scanned 
single electron transistor and nitrogen va- 
cancy measurements of etched, encapsulated 
graphene devices have imaged Poiseuille current 
density profiles—a hallmark of viscous flow— 
in Hall bar and Corbino geometries (37-41). 
And, very recently, a scanned SQUID (super- 
conducting quantum interference device) im- 
aging technique has enabled visualization of 
current whirlpools in tungsten ditelluride (42). 
Lastly, Kelvin probe force microscopy has been 
used to image, with 60-nm resolution, regions 


C —__.,_ Electrochemical 
potential (H,,) 
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potential () 
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a ee 
ey 
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Fig. 1. Experimental method for imaging charge flow through variable-width channels. 

(A) Schematic of the STP experimental setup. Vsq drives current through the sample, and V, (/ = 0 
determines the difference between the sample and tip electrochemical potentials. The carrier density 
(and E-) is globally modified with an electrostatic gate electrode V,. (B) Simultaneously acquired 


topography (top left) and electronic local density of states (LDOS) (bottom left) (V; = -10 mV, Vg = 
of the electrostatic dam. (Top right) Example STP map (Vz = 


-2V) 
-2 V) of the same area acquired under 


transport. All scale bars are 100 nm. (Bottom right) Example tunneling /-V curves recorded at two points 


shown on the STP map. | = 


0 (black dashed line) determines the local electrochemical potential tec = -Vs 


(orange vertical line) of the sample; by fitting many such curves (blue solid line), ue, is mapped 
spatially. (©) An energy diagram depicting how the electrostatic and electrochemical potentials vary along the 
flow direction across a potential well (white dashed line). The variations in Ue. near the scatterer are exaggerated 
for clarity. (D) Schematic of an electrostatic dam at several gating conditions. The size of two p-n junction 
barriers increases from high to low hole doping (top to bottom), closing off the channel between them and 
blocking the flow of current. The leftmost panels show the local charge neutrality point (Ecyp) and pe, along the 
white dashed line. Ecyp follows the in-plane electrostatic potential defining the dam. 
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of negative local resistance in chemical vapor- 
deposited graphene on silicon dioxide that 
were attributed to viscous flow behavior around 
intrinsic defects (43). 

In this work, we used scanning tunneling 
potentiometry (STP) to image, with nanometer- 
scale spatial resolution, the electrochemical 
potential profile associated with quasiparticle 
flow in graphene around electrostatic barriers 
that are “drawn” using voltage pulses from the 
tip of a scanning tunneling microscope (STM) 
(44). This methodology allows for the creation 
of smooth barriers defined by in-plane p-n 
junctions, which confine the particle flow 
without introducing diffusive scattering or 
other momentum-relaxing processes that 
occur at the edges of lithographed samples 
(45, 46). Moreover, we were able to vary the 
width of the conduction channels from mi- 
crometer scale to pinch-off (where the bar- 
riers form “electrostatic dams” that suppress 
flow) by tuning the carrier density. Another 
distinguishing feature of our experiment is 
that the graphene/hexagonal boron nitride 
(hBN) samples that we probed were nonen- 
capsulated, which serves to reduce dielectric 
screening and therefore enhance e-e interac- 
tions, allowing viscous flow to be observed at 
shorter length scales. 


Imaging and quantifying charge flow 
using STP 


A schematic of our STP measurement geom- 
etry is shown in Fig. 1A. In STP, a source-drain 
bias (V,q) is used to drive current through a 
thin sample, and the subsequent spatially vary- 
ing electrochemical potential (1.,) is measured 
locally using an STM tip (47-51). To measure 
Hec, the feedback of the STM tip is turned off, 
and the tip bias needed to zero the tunneling 
current (J) is determined by performing a lin- 
ear fit of the tunneling current-voltage (/-V) 
curve (Fig. 1B). This allows Uc to be deter- 
mined to within ~10 pV and at the angstrom- 
scale spatial resolution of standard STM. 
Figure 1C illustrates how u,, varies across the 
sample under transport conditions and in 
the presence of a p-n junction, which scat- 
ters incident carriers. When V7, = 0, all local 
accumulations of charge that affect the chem- 
ical potential, or Fermi level (Ff), are offset 
by changes in electrostatic potential ©, such 
that ue. = 6 + Ey is constant across the sur- 
face. For Vq # 0, however, Ue, will change con- 
tinuously across the sample, with a spatially 
varying slope that depends on the local con- 
ductivity; meanwhile, any changes in local 
charge accumulation that are caused by 
active carrier scattering or ballistic transport 
will also affect ue. and be detectable with STP 
(51-54). 

Previous STP measurements of graphene 
devices on silicon carbide (SiC) substrates 
have revealed sharp drops in potential asso- 
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Fig. 2. Mapping the electrochemical potential near electrostatic dams at low and high temperature. 
(A to D) STP maps of an electrostatic dam at T = 4.5 K, Vsq = 0.4 V, and four selected gate voltages: 
-10, -12, -16, and -18 V, in order of increasing channel width. (E to H) STP maps of a second electrostatic 
dam at T = 77 K, Vsq = -0.4 V, and four gate voltages: -2, -4, -6, and -10 V, in order of increasing channel 
width. The scale bars are 250 nm. The direction of incident current flow for all images is from left to 

right along the dashed lines in (A) and (E), which are used later to plot linecuts of t., in Fig. 3. 


ciated with monolayer-bilayer boundaries, as 
well as subsurface crystal steps. In some cases, 
Landauer residual resistivity dipoles (LRRDs) 
were observed near defect features, which 
could be used to model the electron-barrier 
scattering mechanisms (55-67). STP measure- 
ments have also been performed on graphene 
nanoribbons on SiC in the ballistic transport 
regime (62). The use of SiC as a substrate, 
with its large dielectric constant, strongly 
screens e-e interactions and therefore sup- 
presses hydrodynamic effects. Those measure- 
ments also used topographic features to act 
as scattering barriers, which are known to 
introduce artifacts into STP measurements 
owing to tip convolution (63). 

In this work, we probed monolayer graphene/ 
hBN samples with electrostatic barriers that 
were introduced by “drawing” them with the 
STM tip using a previously developed meth- 
odology (44, 64, 65). Each barrier was created 
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by introducing subsurface charges in the under- 
lying hBN by applying a 1- to 2-min, 5-V pulse 
with the STM tip. This technique creates an 
electrostatic potential well in the plane of the 
graphene sheet that scatters incident holes and 
electrons. Within a suitable range of negative 
gate voltages, a circular p-n (outside-inside) 
junction forms on the periphery of the potential 
well, which acts as a reflective boundary for 
graphene quasiparticles (66). By placing two 
of these p-n junctions in proximity, we built 
asmall channel that current can flow through 
when a source-drain bias is applied. Moreover, 
as shown in Fig. 1D, the width of this current- 
carrying channel can be tuned by using an 
electrostatic back gate to adjust E;, which alters 
the radii of the p-n junction barriers; the p-n 
junctions considered here decrease in radius 
with higher hole concentrations, which leads to 
an increased channel width. Prior to introduc- 
ing the barriers, STP measurements of transport 
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across the bare surface were performed to obtain 
the potential drop caused solely by momentum- 
relaxing scattering sources, which was then 
used to calculate J, = 5 wm at 4.5 K (67). 


Mapping the electrochemical potential drop 
near barriers 


STP images acquired after the formation of the 
potential wells at 4.5 and 77 K are shown in 
Fig. 2. At both 4.5 and 77 K, te, is observed to 
increase (decrease) on the upstream (down- 
stream) side of the potential wells, creating 
in-plane dipoles. We identify these features 
as LRRDs, which are known to occur in bal- 
listic or near-ballistic transport conditions 
when scattered charge carriers accumulate 
(deplete) on the upstream (downstream) side 
of a barrier (47). To better visualize this be- 
havior, cross-sectional cuts across the barriers 
are shown in Fig. 3, A and B, which capture the 
effect of the charge accumulation on Lge. At 
4.5 K, we find that the changes in u,, in both 
the accumulation and depletion zones can 
be fit well with a R ‘ dependence, where R is 
the distance from the center of the barrier, in 
good agreement with LRRD theory for bal- 
listic transport (68, 69). A more detailed, full 
image of the theoretical LRRD for ballistic 
transport in a 2D system is shown in Fig. 3C, 
which was calculated using a framework in- 
troduced in (70) and described in (67). The 
dipole profile at 77 K shows a notable dif- 
ference (Fig. 3B): The accumulation and de- 
pletion profiles are decreased in magnitude 
by a factor of ~2.5 from those at 4.5 K. The 
decreased dipole strength at high temper- 
atures can be explained in terms of viscous 
corrections to the electronic flow. Guo et al. 
showed that frequent e-e interactions reduce 
the effective scattering strength of obstacles 
seen by incident charge carriers (70). This is 
because electrons reflected by an obstacle 
can receive momentum from incoming elec- 
trons back in the direction of current flow, 
keeping them from fully backscattering. The 
magnitude of this dipole reduction can be 
modeled as a function of the quantity 7/J.., 
where 7 is the scattering length of a barrier 
and is approximately equal to the barrier 
radius. Figure 3D shows the predicted dipole 
potential profile on one side of the barrier as 
a function of J.., plotted alongside the ex- 
perimental data. The observed reduction in 
dipole strength at 77 K is consistent with 7/ 
lee ~ 1, which corresponds to lee = 150 nm. 
We denote this experimentally derived value 
of J. with a tilde because this value is only 
accurate up to a multiplicative factor of order 
one owing to uncertainty in the scattering 
length r. 

Within the quantum wells, meanwhile, the 
STP images reveal standing waves associated 
with circular quasibound states trapped in the 
well. These states are excited by the incident 


Krebs et al., Science 379, 671-676 (2023) 


current-carrying carriers, creating changes to 
the local charge density that are visible in 
STP (53). The p-n barrier can be observed 
as the bright (dark) ring in the 4.5 K (77 K) 
measurements. The same ring feature has been 


T T 
500 1000 


o4 


Position (nm) 
High 
© 
s 
ra 
2 
fo) 
a 
2 
& 
@ 
° 
5 
Lo} 
© 
im] 
Low 


-500 = -250 0 250 500 


Position (nm) 


determined in previous scanning tunneling 
spectroscopy and Kelvin probe force micros- 
copy measurements to indicate the position 
of the classical turning point of the quasi- 
bound states, where there is an accumulation 
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Fig. 3. Tracking the gate-dependent voltage drop through the channels and formation of LRRDs 
across the electrostatic barriers. (A) Linecut along the white dashed line in Fig. 2A revealing the LRRD 
structure at T = 4.5 K. Data within the red (blue) box corresponds to an accumulation (depletion) of 
holes. (B) (Top) Zoom-in of the accumulation zone in (A). (Bottom) Zoom-in of the depletion zone in 
(A). Both are plotted alongside the equivalent linecuts at 77 K. Solid lines show R™ fits to the 4.5 K 
data. (C) Predicted electrostatic potential of an LRRD around a circular obstacle when current is 
flowing from left to right (67). (D) Normalized linecuts of the electrostatic potential in (C) for varying 
e-e scattering lengths, parameterized by r//p- and compared with the data from (B). (E) Linecuts 
along the blue dashed line in Fig. 2A at T = 4.5 K. (F) Linecuts through the blue dashed line in Fig. 2E 


at T= 77K. 
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of quasiparticle density (44, 71-73). It is not 
fully understood why the p-n boundary ap- 
pears bright for measurements at 4.5 K but 
dark at 77 K. This effect was observed in 
multiple separate measurements, and we 
speculate that STP is sensitive to thermovol- 
tages generated on the p-n boundary because 
of strong tip-induced resonances in the local 
density of states (72, 74, 75). Figure S3 shows 
how the p-n junctions change appearance in 
response to heating. 

In addition to the features described above, 
we also observe a drop in u., along a path 
through the channel between the wells in the 
direction of current flow, which represents a 
central focus of this work. This change in Lg, is 
associated with current that flows through the 
channel, the width of which can be tuned via 
electrostatic gating (as illustrated in Fig. 1D). 
Figure 2 shows how ig, evolves in the vicinity 
of the channels as their width is varied from as 
wide as 400 nm to pinch-off, where it forms an 
electrostatic dam that blocks the incident 
current. At 4.5 K, raylike “streams” of current 
are visible emerging from the downstream 
side of the channel, a property that is con- 
sistent with ballistic carriers passing through 
the gap and locally increasing te, (54, 76). 
Such qualitative streams are not as apparent 
for data obtained at 77 K. To quantify the 
potential drop induced by the channels, we 
recorded u., along linecuts through the chan- 
nels along the direction of current flow (Fig. 3, 
E and F). At both low and high measurement 
temperatures, an increase in hole carrier den- 
sity at lower gate voltages is associated with 
a smaller potential drop through the chan- 
nels. This trend is expected, because a larger 
carrier density both widens the channel and 
increases the conductivity of graphene, creat- 
ing a more conductive channel overall. We 
also note that the potential drop in the 4.5 K 
data is highly symmetric about the channel 
midpoint, whereas in the 77 K data, the poten- 
tial drop seems to occur mostly on one side (to 
the left of the vertical dashed line in Fig. 3F). 
We attribute this to a slight misalignment of 
the incident current direction with the chan- 
nel axis. 


Channel conductances 


To quantitatively characterize the carrier flow, 
we used the measured electrochemical drop 
(Aue-) through the channels (Fig. 3, E and F) to 
calculate the conductance of each channel, 
Gaata= Jcnannei/ Alec. The current flowing through 
each channel (¢hanne is first estimated using 
the assumption that the ratio between the chan- 
nel width (w) and the width of the graphene 
flake (W = 15 um) is proportional to the ratio 
between Jehanne) and the current passing 
through the whole flake (J), measured using 
an ammeter—that is, w/W = ol ghannei/J- The 
proportionality constant a depends on the 
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Fig. 4. Channel conductances and extracted 
electron-electron scattering lengths. (A) Channel 
conductance Ggata = !channe/ Alec Obtained from the 
STP data at both low (blue, 4.5 K) and high (red, 
77 K) temperature. Theoretical curves (solid and 
dashed lines) are calculated using the Sharvin 
formula (Eq. 1). A viscous contribution Gg is 
included in the dotted line. (B) e-e scattering 
lengths extracted from the red (77 K) data points 
and the dotted fit in (A) using Eq. 3. Values for the 
dashed theory curves were taken from the micro- 
scopic calculations in (14). Error bars on the 

data points come from a 14-nm uncertainty in the 
channel widths, w. All data points presented in this 
figure were obtained from a repeated set of STP 
measurements distinct from those in Fig. 2. The 
results from a similar analysis of Fig. 2 are found in 
(67) and closely replicate the above results. 


precise boundary conditions and geometry of 
our sample, as well as on any deflection of cur- 
rent caused by the perturbing potential of the 
STM tip (66). Although a cannot be calculated 
a priori, it can be estimated by comparing our 
data at 4.5 K to the Sharvin formula for bal- 
listic transmission through a channel 


& 
Gsh = Ga ae wW (1) 


where / is Planck’s constant (h) divided by 2z, 
Ga= 4e’/h is the conductance quantum, w is 
the minimum width inside the channel, vz is 
the Fermi velocity, and Ey is the Fermi level 
(chemical potential) averaged over the nar- 
rowest cross section of the channel. In re- 
peated measurements at 4.5 K using a new 
electrostatic dam each time, we find excellent 
agreement between Gg), and Ggata for channel 
widths up to 400 nm when a = 2.8, as shown 
in Fig. 4A. This agreement is expected, given 


17 February 2023 


that the only changes between subsequent 
measurements are slight variations in the tip 
potential near its apex and the positioning of 
our electrostatic dams within the center of the 
graphene flake. For w > 400 nm, the Sharvin 
prediction is consistently less than the mea- 
sured conductance, because the geometry 
starts to resemble two separate barriers in- 
stead of a well-defined channel (67). In con- 
trast to measurements at 4.5 K, data taken at 
77 K demonstrate a channel conductance that 
is larger than the ballistic Sharvin prediction 
with o = 2.8, and this deviation increases as 
the channel is widened. Simply adjusting o as 
a fitting parameter does not produce good 
agreement between the data at 77 K and 
the ballistic theory across all channel widths 
(67). This suggests that a viscous Gurzhi con- 
tribution (Gg)—which is known to depend 
quadratically on channel width (/7)—should 
be added to the channel conductance at ele- 
vated temperatures. Notably, modeling the 
viscous corrections to the channel conduc- 
tance only requires the addition of a single 
term to the Sharvin formula. This additive 
correction can be qualitatively understood 
in the following way: When e-e interactions are 
prevalent, charge carriers that are backscat- 
tered by the channel edges now experience 
forward scattering processes that push them 
back through the channel, which in effect 
increases the number of conduction chan- 
nels beyond the Sharvin limit (78). To account 
for this viscous contribution and provide an- 
other experimental estimate of the e-e scat- 
tering length /.., we turn to (17, 32) 


Ex 
Thvp lee 


G = Gsn + Ge, Ge = CaGa 


which holds in the absence of significant 
momentum-relaxing scattering processes (76). 
From Eq. 2, we can write 


Gaata = 
lea = -1 3 
cato( Ge, ) (3) 


where Cg is a nonuniversal numerical factor 
that is specific to viscous flow around our elec- 
trostatic dams. For example, cg = 17/16 = 0.62 
for a perfect slit geometry (77); however, the 
value of Cg also depends on the boundary con- 
ditions and differs for flows with no-slip and 
no-stress conditions (45, 46, 77, 78). For our 
geometry, we expect Cg = 0.75 on the basis of 
viscous fluid simulations described below [also, 
see (67)]. The resulting theoretical channel con- 
ductance is plotted in Fig. 4A, showing good 
agreement with 77 K measurements and pro- 
viding strong evidence of viscous effects in the 
electron fluid increasing the channel conduc- 
tance. Corresponding estimates of Jee using Eq. 3 
are shown in Fig. 4B, giving values that are 
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Fig. 5. Finite element models of carrier flow in the ohmic and viscous regimes. Numerical solutions for 


the current density and electric potential describing hyd 


rodynamic flow through two circular barriers in 


the viscous regime (top panels) and ohmic regime (bottom panels). (A and B) The arrow plots show the 


streamline of the current density, and the color plots sh 


ow the magnitude of the current density. (€ and 


D) Electrostatic potential induced by current flow corresponding to the viscous and ohmic cases in (A) and 


(B), respectively. The scale bar is 250 nm. 


shorter than previous measurements of hBN- 
encapsulated graphene largely because of the 
weaker dielectric environment ¢ of our samples 
(32). In Fig. 4B, we also plot theoretically 
predicted values of 7. taken from (/4) after 
multiplying by the factor (€/€enc)” = (2.5/4) = 
0.39 to account for the reduced dielectric 
screening of e-e interactions, where €enc = + 
is the dielectric constant for encapsulated 
samples (/4). We note that for a tempera- 
ture of T = 77 K, the measured scattering 
lengths J,< are still less than the predicted 
value by ~30%, and we obtain a good fit using 
a temperature of 92 K (assuming J.. ~ T°). 
This difference could be a result of multiple 
effects, such as Joule heating or a nonequilib- 
rium energy distribution of electrons. Other 
factors include STM tip-induced gating effects 
and uncertainty in our estimate of cg, which is 
known to depend sensitively on the channel 
boundary conditions. 


Simulating carrier flow 


These findings indicate that as the tempera- 
ture of the graphene is increased from 4.5 K 
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to 77 K, lee decreases until it is comparable to 
the width of the channel. Under these condi- 
tions, the carrier flow transitions from the 
Knudsen to the Gurzhi regime, where it be- 
haves as a viscous Fermi liquid and exhibits 
superballistic conductance through a chan- 
nel. To better understand the potential pro- 
files measured using STP and how they relate 
to viscous flow, we compared our measure- 
ments with the following theoretical model. 
The motion of hydrodynamic electron flow 
under moderate external drive can be described 
by the linear Navier-Stokes equation in the 
following form 


vw?u —-— =— Vo (4) 


where w is the macroscopic flow velocity, tn; 
is the momentum relaxation time, v is the 
kinematic viscosity of the electron fluid, e is 
the carrier charge, ™ is the carrier mass, and 
o is the electric potential. The first term on the 
left-hand side of Eq. 4 describes viscous stress, 
while the second term accounts for ohmic 
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loss. In addition, the continuity equation for 
current conservation is written as 


Vj=0 (5) 


Considering that j = neu and assuming con- 
stant electron density n, the linear Navier- 
Stokes Eq. 4 is recast in the form 


ig?V3j —j = oVo (6) 


where o is the Drude conductivity (67). The 
interplay of viscous and momentum-relaxing 
terms introduces a natural length scale in 
the problem, namely the Gurzhi length, 
Ig = /Vtor = Vleelmr/2. If lg « w, where w is 
the typical size of the system, such as the width 
of the channel, the viscous stress in Eq. 6 can 
be neglected and the fluid enters the ohmic 
regime. In contrast, if Jg > w, the ohmic dis- 
sipation in Eq. 6 is small and the system is in 
the viscous regime. 

In this framework, Eqs. 5 and 6 allow for 
calculations of the current density and elec- 
tric potential profiles. Whereas analytical 
solutions are difficult to obtain for arbitrary 
geometries, numerical solutions using finite 
element methods can be obtained for hy- 
drodynamic flow bypassing two circular 
barriers. Starting from the experimentally 
derived scattering lengths J,,, = 5 um and 
leg = 300 nm, we simulated a viscous fluid 
with Gurzhi length of order /g = 1um > w 
and compared these results with current flow 
in the ohmic regime, Jg = 30 nm < w. The 
distribution of current density and the electric 
potential from these two simulations are shown 
in Fig. 5. In these numerical simulations, we 
used no-slip boundary conditions for the flow 
velocity u, and the flow is driven by the bias 
voltage V,q applied to the left side of the 
sample (the right side is grounded to zero). 

The results shown in Fig. 5C demonstrate 
good qualitative agreement with the 77 K 
STP measurements in Fig. 2, E to G. In par- 
ticular, the streams of current that are antici- 
pated for ballistic transport are not observed 
in the simulated viscous flow potentials; 
this observation is consistent with previous 
simulations of Boltzmann transport theory 
in graphene (76). Moreover, our numerical 
simulations predict the formation of cross- 
barrier dipoles in the electric potential pro- 
file in the viscous regime, which are observed 
in the measurements. The possibility of such 
dipole formation near channel edges in vis- 
cous electronic fluids was previously pre- 
dicted (17) using analytical methods; this 
behavior can be attributed to the fact that 
the electric fields near the edges point against 
the current flow in order to push the electron 
liquid away from the boundary walls. The 
profiles of these regions of charge accumulation 
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or depletion depart in magnitude from what 
is expected for ballistic transport. This pre- 
diction compares well with our 77 K mea- 
surements and with our analytical modeling 
of the dipole described in Fig. 3, where we ob- 
serve and calculate reduced dipole magnitudes. 

Our numerical simulations also provide 
simultaneous measures of the cross-channel 
potential drop as well as the channel current, 
which, combined, allow for determination of 
the nonuniversal viscous contribution factor, 
Cq, used in Eqs. 2 and 3. To obtain cg, we 
performed identical numerical simulations of 
a narrow-slit geometry, where cg is known 
analytically to be n?/16, and compared the 
observed channel conductance in that simu- 
lation to the results shown in Fig. 5, A and C, 
yielding cg = 0.75 (67). 


Outlook 


We have shown that STP can be used to vi- 
sualize hydrodynamic effects in graphene 
through direct imaging of the local electro- 
chemical potential while a current is passed 
through the graphene sheet. This method- 
ology offers a spatial resolution superior to 
that of other scanned probe measurements 
and allows for the creation and analysis of 
intricate flow geometries defined by smooth 
barriers created by in-plane p-n junctions. 
In this work, we used STP to reveal super- 
ballistic conductance through narrow chan- 
nels in graphene, as well as local dipoles that 
form in both ballistic and viscous regimes 
owing to local carrier accumulation. These 
results provide insight into the electronic 
transport of hydrodynamic Fermi fluids. Spe- 
cifically, the reduced dipoles that we observe 
indicate how the overall voltage drop gen- 
erated by the summation of in-plane dipoles 
is naturally smaller in the viscous regime than 
in the ballistic regime, leading to a higher 
overall conductance in the viscous case. These 
measurements also provide a framework for 
analyzing more-complex flow patterns that 
are engineered to exhibit exotic effects, such 
as nonreciprocal flow (79). Angstrom-scale im- 
ages, meanwhile, could be used to visualize 
atomistic transport features that are predicted 
to occur along grain boundaries and near de- 
fects (53). 
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Exon architecture controls mRNA m°A suppression 


and gene expression 


P. Cody He'*+, Jiangbo Wei'*+, Xiaoyang Dou"*+, Bryan T. Harada’*++, Zijie Zhang'**+, Ruiqi Ge, 
Chang Liu, Li-Sheng Zhang’, Xianbin Yu**, Shuai Wang®, Ruitu Lyu’?, Zhongyu Zou”, 


Mengjie Chen®’, Chuan He??3* 


N®-methyladenosine (m®A) is the most abundant messenger RNA (mRNA) modification and plays crucial 
roles in diverse physiological processes. Using a massively parallel assay for m°A (MPm*°A), we discover 
that m®A specificity is globally regulated by suppressors that prevent m°A deposition in unmethylated 
transcriptome regions. We identify exon junction complexes (EJCs) as m°A suppressors that protect 
exon junction—proximal RNA within coding sequences from methylation and regulate mRNA stability 
through m®A suppression. EJC suppression of m°A underlies multiple global characteristics of 

mRNA m°A specificity, with the local range of EJC protection sufficient to suppress m°A deposition 

in average-length internal exons but not in long internal and terminal exons. EJC-suppressed methylation 
sites colocalize with EJC-suppressed splice sites, which suggests that exon architecture broadly 
determines local mRNA accessibility to regulatory complexes. 


®_methyladenosine (m°A), the most pre- 

valent mRNA modification in mammals, 

influences wide-ranging aspects of gene 

expression in diverse physiological and 

pathophysiological processes (7-3). The 
METTL3-METTL14 methyltransferase com- 
plex installs m°A methylation on mRNA in a 
common DRACH (where D = A, G, or U; R= A 
or G; and H = A, C, or U) sequence motif, but 
only a fraction of DRACH sequences (~5%) 
in a subset of cellular transcripts are selected 
for methylation (4). Additionally, m®A exhibits a 
marked regional bias in its transcriptomic 
distribution, being strongly enriched in long 
internal exons and near stop codons (5, 6). 
Despite the central importance of specific m°A 
deposition in m*A-mediated gene regulation, 
the mechanistic basis for m°A specificity has 
remained poorly understood. 

In this study, we discover the existence of 
prevalent regulatory mechanisms that restrict 
m°A methylation to specific transcript regions 
through targeted suppression of m°A in un- 
methylated regions. We find that pre-mRNA 
splicing selectively suppresses m°A deposi- 
tion in average-length internal exons but not 
in longer exons. We identify exon junction 
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complexes (EJCs) as major m°A suppressors 
that mediate this effect and control several 
key characteristics of global m°A specificity. 
EJC depletion results in pervasive aberrant 
methylation of mRNAs and m®°A-mediated 
transcript destabilization. EJCs, together with 
interacting proteins, package and protect long 
stretches of proximal RNA from cellular meth- 
ylation deposition, which may represent a 
general mechanism by which exon architec- 
ture and EJC positioning determine local mRNA 
accessibility to regulatory machineries. 


Massively parallel assay for m°A 


The extent to which global m°A specificity 
is controlled has important implications for 
m°A regulation but is poorly understood (4). 
We approached this problem by investigating 
whether the local sequence surrounding an 
m°A methylated site, when uncoupled from 
its endogenous context, is sufficient to specify 
methylation at that site. Conversely, we also 
investigated whether the local sequence sur- 
rounding an unmethylated DRACH site, when 
uncoupled from its endogenous context, is suf- 
ficient to prevent methylation at that site. 

To assess this systematically on an 
epitranscriptome-wide scale, we developed a 
massively parallel reporter assay (MPRA) that 
enables high-throughput assessment of the 
m°A methylation status of thousands of de- 
signed sequences, which we named massively 
parallel assay for m°A (MPm®A) (Fig. 1A and 
fig. SLA). In the MPm®°A workflow, thousands 
of endogenously methylated m°A sites and 
endogenously unmethylated DRACH sites, 
with 102 nucleotides (nt) of sequence sur- 
rounding each site, were synthesized and 
cloned into the 3’ untranslated region (3'UTR) 
of a plasmid-based, intronless green fluorescent 
protein (GFP) transgene. For each sequence, 
we also designed a corresponding negative con- 
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trol sequence in which all DRACH motifs were 
mutated to prevent methylation. The sequences 
were expressed and then m°A methylated 
through transfection into cells or, when speci- 
fied, through in vitro transcription and in vitro 
m°A methylation. The methylation status of 
each individual sequence was assessed by its 
enrichment after m°A-immunoprecipitation 
(IP) of mRNA. We selected 6897 HeLa m°A 
sites and 3058 unmethylated DRACH sites 
to assay in HeLa cells and validated the assay’s 
precision and accuracy (fig. S1, B to D). 


Widespread mRNA m°A suppression controls 
m°A epitranscriptome specificity 
When we compared the methylation levels of 
the endogenously methylated sequences with 
their negative control sequences, we found 
that 92.8% of the sequences exhibited signif- 
icant methylation in this reporter assay (Fig. 1B 
and fig. SIE), which indicates that most en- 
dogenously methylated sites do not strictly 
require their larger surrounding native con- 
text for methylation. Unexpectedly, 90.2% of 
endogenously unmethylated sequences also 
exhibited significant methylation (Fig. 1B and 
fig. SIE). The MPm®°A enrichment scores of 
the endogenously unmethylated group were 
similar to those of the endogenously methy- 
lated group, despite their diverging endoge- 
nous methylation states (Fig. 1B). We observed 
similar results when the sequences were in vitro 
transcribed and methylated with recombinant 
METTL3-METTLI4 (fig. $2). Thus, thousands 
of endogenously unmethylated DRACH sites 
became methylated when they were uncoupled 
from their endogenous contexts and expressed 
in an artificial reporter context. We call these 
identified sites suppressed m°A sites. We val- 
idated these results for three selected sequences 
(fig. SIF) and confirmed that methylation was 
not notably influenced by the cytomegalo- 
virus (CMV) promoter of the MPm°A plasmid 
(fig. S3). We observed similar results when se- 
quences were expressed within coding sequences 
(CDSs) or 5/UTRs, though m°A enrichment was 
significantly lower for many sequences when 
placed in the CDSs or 5’UTRs versus in the 
3'UTRs (fig. S4, A to D). This suggests that 
5'UTRs are generally less conducive for m°A 
methylation compared with 3’UTRs (fig. 
S4E). Collectively, these results reveal the ex- 
istence of thousands of suppressed m°A sites 
that are silenced by unknown mechanisms. 
We noted that suppressed m°A sites were en- 
riched in the CDS and 3’UTR and were depleted 
near the stop codon, which is the reverse of 
endogenous m°A site enrichment (Fig. 1C 
and fig. S5A). Further, suppressed m°A sites 
in internal exons reside within much shorter 
exons (median = 167 nt) compared with en- 
dogenous m°A sites (median = 915 nt) (Fig. 1D). 
These observations suggest that endogenous 
m°A enrichment in long internal exons may 
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Fig. 1. MPm®A reveals suppression A 
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(right; 246 nt). Blue and red lines indicate median internal exon length for MPm°A endogenously methylated (915 nt) and unmethylated (167 nt) sequences, respectively. 
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Fig. 2. Pre-mRNA splicing suppresses m°A methylation in average-length 
exons. (A and B) (Left) Schematics of specified BG CRY1 constructs. Blue 
regions indicate sequences derived from the CRY1 endogenous sequence, and 
gray regions indicate sequences derived from rabbit BG. The numbers after 
CRY1 refer to the number of nucleotides of exonic sequence surrounding the 
CRY1-suppressed m°A site in the CRY1 endogenous mRNA that was cloned into 
the BG construct. The gray dots in the blue regions denote the suppressed 
m°A site; the numbers at the left and right of the m®A site show the distance 
(in nucleotides) between the m°A site and the 3' and 5’ splice sites, respectively; 
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the m°A site and the promoter. A delta (A) denotes deletion of the specified 
intron(s). Details of each construct are described in the materials and methods. 
(Right) m°A enrichment at a CRY1-suppressed mA site. Primers amplifying a 
62-nt fragment containing the CRY1-suppressed m°A site. m°A enrichment 

was calculated as IP/input normalized to m°A-marked Gaussia luciferase 
(GLuc) RNA spike-in IP/input. Values are means + SEMs. Statistics by 
two-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001. Three biological replicates 
were used. 


be a consequence of suppression of m°A de- 
position in shorter internal exons, which make 
up most exons (90% of internal exons are 
<246 nt) (Fig. 1E). In total, 942 genes con- 
taining suppressed m°A sites did not contain 
any endogenous m°A peaks on their tran- 
scripts (fig. S5B). Suppression of these sites 
appears to involve suppression of m°A depo- 
sition rather than active demethylation because 
binding sites for RBM15—a METTL3-METTL14 
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methyltransferase complex accessory subunit— 
were highly enriched near endogenous m°A 
sites compared with suppressed m°A sites 
(fig. S6A), whereas FTO and ALKBH5 bind- 
ing sites were not significantly enriched near 
suppressed sites (fig. S6B). These results were 
surprising because previous studies on m°A 
specificity had mainly focused on activating 
mechanisms (7-12). Our MPm®A assay sug- 
gests the existence of unknown m°A suppres- 
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sors that govern global m°A specificity by 
suppressing m°A deposition. 


Pre-mRNA splicing suppresses m°A 
methylation proximal to splice sites 


We next examined the relative enrichment of 
binding sites for 120 RNA binding proteins 
(RBPs) near endogenously methylated versus 
suppressed m®A sites to identify candidate sup- 
pressors (73). Several spliceosome components 
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Fig. 4. mRNA m°A hypermethylation 

upon EJC depletion destabilizes mRNAs. 

(A) Correlation between fold changes in mRNA 
half-life and m®°A level upon E/F4A3 KD in 

HeLa cells (n = 3840). (B) Boxplots showing 
half-life fold changes of hypermethylated 
mRNAs upon EIF4A3 KD in HeLa cells. mRNAs 
were categorized into three groups according to 
their methylation changes upon FIF4A3 KD 

in HeLa cells. P values are from Wilcoxon rank 
sum test. Sample sizes for each boxplot plot 
from left to right are: n = 1887, n = 1201, 

and n = 752. (€) (Left) Heatmap showing fold 
changes in m®A level, mRNA half-life, and 
YTHDF2 binding upon EIF4A3 KD in HeLa cells. 
(Right) Scatter plots showing the correlation 
among fold changes in m°A level, mRNA 
half-life, and YTHDF2 binding upon E/F4A3 KD in 
HeLa cells. The hypermethylated mRNAs 

(m°A logsFC > 0; n = 3424) were categorized 
into 100 bins on the basis of ranked fold change 
of m®A level upon EIF4A3 KD. For (A) and 

(C), Pearson correlation coefficient (PCC) and 
P values are shown. 


(BUDI3, SF3B4, and EFTUD2) were signifi- 
cantly enriched near suppressed sites, which 
suggests that splicing may suppress m°A (fig. 
S6A). Because suppressed m®A sites in CDS 
primarily reside within average-length inter- 
nal exons, we hypothesized that the splicing of 
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average-length internal exons may suppress 
m°A methylation. To test this, we cloned a 
suppressed m°A site from an average-length 
internal exon in the CRY/ gene (fig. S7A) into 
a rabbit beta-globin (BG) minigene reporter 
as well as a version with the introns removed 
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(siEIF4A3/siC) 


(BG Ail1,i2). First, we cloned the suppressed 
CRY1 site and 50/51 nt of the flanking se- 
quence into the internal exon or in the last 
exon of these constructs. Notably, the spliced 
construct strongly suppressed methylation of 
the sequence placed within the internal exon 
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(identified from MPm°A) at EIF4A3-suppressed splice sites (left) and enrichment 
of EIF4A3 KD hypermethylated regions at EIF4A3-suppressed splice sites 
(right). Statistics were by Fisher's exact test, and dots and bars represent 
odds ratios and 95% confidence intervals, respectively. (E) Input and m®A-IP 
read coverage at SENP3 and HNRNPHI in EIF4A3 KD and control HeLa cells. 


but not within the last exon (fig. S7B). Removal 
of either intron (BG Ail CRY1 102 or BG Ai2 
CRY1 102) resulted in partial loss of suppres- 
sion, which indicates that splicing of both in- 
trons contributed to methylation suppression 
(Fig. 2A). Consistent with this notion, deletion 
of all splice sites also resulted in a decrease in 
m°A suppression (fig. S7C). Cloning in 912 nt 
of the CRYI exonic sequence surrounding 
the suppressed site into the internal exon (BG 
CRY1 912), forming a long internal exon, re- 
sulted in a loss of suppression (Fig. 2A). We 
hypothesized that the suppression is depend- 
ent on the proximity of the m°A site, located 
within the center of the exon, to splice sites. 
Expanding the length of the BG CRY1 102 in- 
ternal exon by cloning in larger amounts of 
CRY1 flanking exonic sequence resulted in a 
progressive loss of suppression, with a >464-nt 
internal exon unable to suppress m°A (Fig. 2B 
and fig. S7D). These results reveal a causal role 
for pre-mRNA splicing in m°A regulation. 


EJCs control m°A epitranscriptome specificity 


We next sought to understand the mechanism 
by which splicing suppresses m°A deposi- 
tion. EJCs are deposited by spliceosomes onto 
mRNA ~24 nt upstream of exon-exon junc- 
tions and play multifaceted roles in gene ex- 
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pression regulation (/4, 15). Notably, two 
recent studies reported that EJCs efficiently 
block splicing at proximal aberrant splice 
sites (16, 17). Additionally, EJCs, together with 
interacting serine- and arginine-rich (SR) pro- 
teins, package and compact mRNA and can 
protect long stretches of proximal RNA from 
nuclease accessibility in vitro and block 5’ to 3’ 
exonuclease degradation in vivo (18, 19). We 
reasoned that suppressed m°A sites within 
average-length internal exons are within rela- 
tively close proximity to both an upstream and 
downstream EJCs. Conversely, m°A sites with- 
in long internal exons and near stop codons 
(which generally reside in long last exons) can 
be hundreds of nucleotides away from the 
nearest EJC. We therefore hypothesized that 
EJCs could mediate the splice site-proximal 
suppression of m°A that we observed. 

We knocked down the core EJC factor EIF4A3 
in HeLa cells and assessed the effect on m°A 
deposition transcriptome-wide using m°A meth- 
ylated RNA immunoprecipitation sequenc- 
ing (m°A-MeRIP-seq). Notably, 24,350 regions 
were significantly hypermethylated upon EIF4A3 
knockdown (KD), whereas 3140 regions were 
hypomethylated (Fig. 3A). Of these hypermeth- 
ylated regions, 39% exhibited a greater than 
eightfold increase in m°A enrichment com- 
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(F) Schematic model depicting that EJCs and RNPS1 (and potentially other 
EJC-associated proteins) protect exon junction—proximal RNA from m°A 
deposition through local mRNA packaging. For (C) and (E), the red brackets 
indicate EIF4A3-suppressed splice variant, with the ends of the brackets 
indicating the suppressed splice junctions. 


pared with the nontargeting small interfer- 
ing RNA (siRNA) control. We knocked down 
RBMSA, another core EJC factor (20), and 
observed similar, though relatively milder, 
transcriptome-wide m°A changes, with 14,034: 
significantly hypermethylated regions observed, 
of which 57% overlapped with hypermethyl- 
ated regions observed in EIF4A3 KD (Fig. 3A 
and fig. S8, A and B). The relatively milder 
m°A changes upon RBM8A KD may result 
from relatively lower KD efficiency (table $1) 
or may indicate a stronger requirement of 
EIF4A3 for suppression. Concordant with 
these transcriptome-wide m°A changes, using 
ultrahigh-performance liquid chromatogra- 
phy coupled with triple quadrupole mass spec- 
trometry (UHPLC-QQQ-MS/MS), we found that 
EIF4A3 KD increased global levels of m°A in 
polyadenylated RNA by twofold, whereas RBM8A 
KD resulted in an ~25% increase (fig. S8C). 
In total, 94% of hypermethylated regions 
from EIF4A3 KD and 82% of hypermethylated 
regions from RBM8A KD did not overlap with 
m°A peaks identified under the nontargeting 
siRNA control conditions, which suggests that 
these regions contain newly methylated, sup- 
pressed m°A sites (Fig. 3, A and B, and fig. 
S8D). Out of 1024 CDS sequences identified by 
MPm‘°A to contain suppressed m°A sites, 46% 
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become methylated upon E/F4A3 or RBM8A 
KD, including the CRY/-suppressed site (fig. 
S8, E to G) (22). Furthermore, EJF4A3 KD sub- 
stantially alleviated the previously observed 
m°A suppression within the internal exon of 
BG CRY1 102 (fig. S8H). 

Consistent with our model, newly methylated 
and hypermethylated regions were highly en- 
riched in average-length internal exons within 
CDSs (Fig. 3, C to E, and fig. S8, I and J), with 
transcriptome-wide increases in m°A enrich- 
ment in exon junction-proximal regions ob- 
served (fig.S9, A and B) upon EIF4A3 or RBM8A 
KD. EIF4A3 KD disrupted m°A epitranscrip- 
tome specificity globally, resulting in increased 
density of m°A in the CDSs relative to the stop 
codon and attenuated enrichment of m°A peaks 
in long internal exons (Fig. 3, D and E). It was 
previously reported that the peak of m°A den- 
sity near stop codons on metagene plots can 
be more precisely visualized as an increased 
enrichment 150 nt past the start of last exons 
(6). EIF4A3 KD resulted in a global increase in 
m°A enrichment <150 nt past the start of last 
exons (fig. S9, A to C), which indicates that EJC 
suppression of methylation proximal to last 
exon-exon junctions is responsible for the char- 
acteristic m°A peak density near stop codons. 
Whereas most transcripts exhibited hyperme- 
thylation and contained one or more endoge- 
nous m°A peaks upon E/F4A3 KD, more than a 
thousand transcripts that ordinarily lack endo- 
genous m°A peaks also gained aberrant m°A 
methylation upon EJF4A3 KD, revealing a major 
role for EJCs in suppressing m°A deposition 
on the subset of transcripts that ordinarily are 
not subject to m°A regulation (fig. S9, D to F). 

The widespread suppression of m°A by the 
EJCs also implies that many m°A modifica- 
tions are deposited after splicing, which we 
confirmed using pulse-chase metabolic label- 
ing experiments and UHPLC-QQQ-MS/MS 
(supplementary text and fig. S10). Two genes 
used in gene therapies for mucopolysaccha- 
ridosis type II and spinal muscular atrophy— 
IDS and SMN, respectively—contain EJC- 
suppressed m®A sites in their mRNAs. As 
expected, when these mRNAs were expressed 
from cDNA constructs, and thus not bound by 
EJCs, they were significantly hypermethylated 
relative to the corresponding endogenous 
mRNAs (fig. S11). Further, long noncoding 
RNAs (IncRNAs) that contain three or more 
exons globally exhibit EJC suppression of m°A 
in internal exons, whereas those with two or 
less do not (supplementary text and fig. S12). 
We depleted EIF4A3 with a different siRNA 
in HeLa cells and knocked down E/F4A3 in 
HEK2938T cells as well as in a glioblastoma 
cancer cell line (U87) that is sensitive to EIF4A3 
perturbation (22), and we observed similar 
transcriptome-wide m°A changes in each case 
(figs. S13 to $15). Altogether, our results indi- 
cate that spliceosomes widely suppress m°A 
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methylation through deposition of EJCs that 
protect proximal RNA from methylation. 


EJCs regulate mRNA stability by suppressing 
m°A methylation 


m°A is known to mainly accelerate mRNA deg- 
radation through the reader protein YTHDF2 
(23, 24). Accordingly, we observed a globally 
reduced mRNA half-life of hypermethylated 
transcripts (~90%) upon EIF4A3 KD in HeLa 
cells (Fig. 4, A and B). Consistently, we ob- 
served generally increased YTHDF2 binding 
on hypermethylated mRNAs accompanied 
with the decreased mRNA half-life (Fig. 4C). 
YTHDF2 KD could rescue accelerated degra- 
dation of YTHDF2 target transcripts upon 
EIF4A3 KD (fig. S16). Further, the density of 
EJC loading on transcripts (estimated by the 
number of exons within CDS regions per 1 kb) 
correlated with transcriptome-wide mRNA 
stability (fig. S17). Higher EJC density on 
transcripts tended to correlate with reduced 
m°A methylation and higher mRNA stability, 
and the strength of this correlation was dimin- 
ished by Mettl3 knockout in mouse embryonic 
stem cells (fig. S17, A and B). 

We also found that METTL3 depletion could 
generally reduce the expression level changes 
of hypermethylated genes upon EJC depletion 
in HeLa cells (supplementary text and fig. 
$18). This indicates that these EJC-dependent 
gene expression changes are at least in part 
mediated by m°A methylation. 

Although the vast majority of hypermethy- 
lated transcripts were destabilized by EIF4A3 
KD, a small subset of hypermethylated tran- 
scripts were stabilized (Fig. 4A). One example 
is p53, which mediates neurodevelopmental 
defects in mouse models of EJC haploinsuffici- 
ency (25). The 7P53 transcript was hypermeth- 
ylated but also up-regulated upon EIF4A3 KD. 
Mechanistically, we observed increased binding 
to TP53 mRNA by IGF2BP proteins, which are 
known to stabilize methylated transcripts (sup- 
plementary text and fig. S19). Although the 
predominant effect of EJC-mediated m°A sup- 
pression is to stabilize mRNAs by preventing 
YTHDF2-mediated decay, in a minority of in- 
stances, hypermethylated transcripts can be 
stabilized by other mechanisms, such as bind- 
ing by IGF2BPs (26). 

Consistent with a general role for m°A in 
promoting translation (72, 27), EIF4A3 KD led 
to slightly increased translation efficiency of 
hypermethylated transcripts, with more highly 
hypermethylated transcripts exhibiting greater 
increases in translation efficiency (fig. S20). 
However, the effect was modest relative to the 
effects observed on mRNA stability. 


Differential m°A methylation across tissues 
and species through EJC suppression 


Our model suggests that the cellular EJC levels 
may affect global mRNA m°A deposition in dif- 
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ferent tissues. We observed a negative correla- 
tion between E/F4A3 expression level and global 
mRNA m°A modification level in 25 different 
human tissues with available transcriptome- 
wide m°A profiles (fig. S21A) (28). We exam- 
ined the top 10% of genes with the strongest 
correlations and found that most of them 
(>70%) exhibited a negative correlation be- 
tween m°A and EIJF4A3 levels in different 
tissues. Further, m°A levels of these genes 
also negatively correlated with their transcript 
abundances (fig. S21B). Similar trends were 
also observed in mouse tissues (fig. S21C). 
These results further support m°A suppression 
by EJCs and subsequent mRNA stability reg- 
ulation in mammalian tissues. 

Notably, we observed the lowest EIF4A3 ex- 
pressions in brain tissues, which exhibited the 
highest overall mRNA m°A levels (fig. S21A). 
We further compared the methylome of the 
human cerebellum (lowest EIF4A3 level and 
highest overall mRNA m°A) with that of the 
heart (higher EIF4A3 level and lower overall 
mRNA mA). Regions that are hypermethylated 
in the cerebellum (compared with the heart) 
reside within short internal exons (fig. S21D), 
which suggests reduced m°A suppression be- 
cause of low EIF4A3 expression in the cere- 
bellum. This association between high m°A 
level and low EIF4A3 expression in the cere- 
bellum was attenuated upon depletion of 
METTL3 (fig. S21C). These observations further 
indicate that the widespread suppression by 
EJCs contributes to differential m°A deposi- 
tion in tissues. We also found that a subset 
of EJC-suppressed m®A sites physiologically 
escape suppression in certain tissues through 
methylation of alternative transcript isoforms. 
These isoforms contain longer exons and thus 
altered EJC positioning; methylation of these 
isoforms generates tissue-specific m°A pat- 
terns (supplementary text and fig. S22). 

The effect of exon-intron architecture on 
mRNA stability may have coevolved with YTHDF2 
in vertebrates. The strong correlation between 
EJC loading, represented by the number of 
exons, and mRNA level across tissues is main- 
tained across humans, mice, and zebrafish but 
not in flies and worms, which lack YTHDF2 
orthologs (supplementary text and fig. S23). 


EJCs and peripheral EJC factor RNPS1 protect 
exon junction-proximal RNA regions from 
aberrant mRNA processing 


We did not observe interactions between the 
methyltransferase complex and EJC complexes 
(fig. S24), which suggests that steric hindrance 
from EJCs, rather than a specific inhibitory 
interaction, accounts for methylation suppres- 
sion. Nuclear EJCs bound with the peripheral 
EJC factor RNPS1 multimerize and associate 
with a wide variety of SR and SR-like proteins to 
package and compact mRNA into higher-order, 
megadalton-scale messenger ribonucleoproteins 
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(mRNPs) that ensheathe proximal RNA well 
beyond the canonical EJC deposition sites 
(18, 29, 30). Tens to hundreds of nucleotides 
of proximal RNA could be protected by this 
megacomplex from nuclease digestion result- 
ing from this packaging (18, 37). To examine 
whether the mRNA packaging function of the 
EJCs mediates suppression of proximal meth- 
ylation, we isolated EJCs and EJC-bound RNA 
from cellular extracts, digested away physically 
accessible RNA with in vitro nuclease treat- 
ment, and then measured m®A levels on the 
EJC-protected RNA footprints (fig. S25, A 
and B). EJC-protected footprints were strongly 
depleted of m°A, indicating that these inac- 
cessible RNA regions are largely protected 
from m°A deposition within cells (fig. S25C). 
EJCs also protected these footprints from in 
vitro methylation by recombinant METTL3- 
METTL14 (fig. S25D). This was not because of 
general inhibition of methyltransferase activity 
or lack of methylatable sites on the EJC 
footprints because free, unmethylated RNA 
spiked into the methylation reaction as well as 
deproteinized footprints were both robustly 
methylated (fig. S25, D and E). Therefore, EJCs 
suppress local m°A deposition by packaging 
proximal RNA. 

We next investigated whether the periph- 
eral EJC factor RNPS1, which associates with 
high-molecular weight EJCs in these highly 
packaged mRNP structures (29), plays a role. 
RNPSI KD led to substantial transcript m°A 
hypermethylation within average-length in- 
ternal exons and CDS regions (Fig. 5, A to C, 
and fig. S26, A to C). We detected fewer hyper- 
methylated regions overall compared with dep- 
letion of the core EJC factors; however, we did 
observe high overlap (45%) between siRNPSI 
hypermethylated regions and siZ/F4A3 and 
siRBM8A hypermethylated regions (Fig. 5C 
and fig. S26C). By contrast, depletion of UPF1, 
a central nonsense-mediated decay (NMD) fac- 
tor that interacts with the EJC in the cytoplasm, 
did not result in m°A changes similar to those 
of the core EJCs (fig. S27). 

The ability of EJCs to protect proximal RNA 
regions from methylation resembles the re- 
cently characterized EJC- and RNPS1-mediated 
suppression of proximal aberrant splice sites 
and recursive splicing (J6, 17). Transcriptome- 
wide, EJC-suppressed splice sites significantly 
colocalize with EJC-suppressed m°A sites (sup- 
plementary text; Fig. 4, C to E; fig. S26, D to F; 
and table S2). Altogether, these results suggest 
that RNPS1-associated EJCs suppress both local 
cellular m°A methylation and splicing through 
packaging of proximal RNA and point to exon 
architecture as an important determinant of 
local RNA accessibility to regulatory machi- 
neries. Additionally, beyond components of 
the m°A methyltransferase complex, a number 
of other RBPs also exhibit preferential bind- 
ing at long internal exons, which suggests that 
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EJCs may regulate mRNA accessibility to a 
broader range of mRNA regulators in addition 
to the splicing and m°A methylation machi- 
neries through their mRNA packaging func- 
tion (supplementary text and fig. $28). 


Discussion 


Previously identified m°A effector proteins 
fall broadly into three categories according 
to their activities: writers, which catalyze m°A 
methylation; readers, which preferentially bind 
m°A; and erasers, which reverse m°A methyl- 
ation. In this work, we establish the EJCs as a 
member of a previously unidentified class of 
m°A regulators—suppressors, which broadly 
suppress the deposition of m®A (fig. S28). EJCs 
appear to be a major regulator of m°A depo- 
sition that mediate multiple key aspects of 
global m°A epitranscriptome specificity, in- 
cluding enrichment of m°A in long internal 
exons, depletion of m®A in short exons, enrich- 
ment of m°A in last exons near stop codons, 
and methylation selectivity for transcripts 
that have long internal exons. This mechanism 
may also explain the high abundance of m°A 
on certain noncoding RNAs, such as LINE-1 
elements that are generally unspliced and thus 
not bound by EJCs (32, 33). Further, our sys- 
tematic analysis of m°A determinants using 
MPm°A may suggest the existence of additional 
mA suppressing pathways, including m°A sup- 
pression within the CDS because E/F443 KD 
does not appear to completely restore methyl- 
ation to unspliced levels (supplementary text, 
fig. S8H, and fig. S29). 

Our results point to exon length within tran- 
scripts as a functionally relevant element for 
posttranscriptional gene expression regula- 
tion. Mammalian EJCs stably bind most pre- 
translational mRNAs in the transcriptome at 
closely spaced intervals. Long internal exons 
and terminal exons, which usually encode 
UTRs, are notably free of EJCs. This wide- 
spread binding, in conjunction with their mRNA 
packaging function, appears to uniquely posi- 
tion EJCs to broadly determine mRNA accessi- 
bility to regulatory machineries, such as the 
m°A methylation and splicing machineries 
(fig. S30). Our work has relevance for the use 
of cDNA expression constructs in research 
studies and gene therapies because the loss of 
endogenous mRNA exon architecture and EJC 
protection may result in m°A hypermethylation 
(fig. S11), which could modulate gene expres- 
sion outcome. Finally, our study also suggests 
that exon length and architecture coevolved 
with mRNA processing steps as an additional 
regulatory layer of gene expression. 


REFERENCES AND NOTES 


1. MFrye,B. T. Harada, M. Behm, C. He, Science 361, 1346-1349 (2018). 

2. W.V. Gilbert, T. A. Bell, C. Schaening, Science 352, 1408-1412 (2016). 

3. |. A. Roundtree, M. E. Evans, T. Pan, C. He, Cell 169, 1187-1200 
(2017). 

4. P.C. He, C. He, EMBO J. 40, e105977 (2021). 


17 February 2023 


5. D. Dominissini et al., Nature 485, 201-206 (2012). 

6. S. Ke et al., Genes Dev. 29, 2037-2053 (2015). 

7. |. Barbieri et al., Nature 552, 126-131 (2017). 

8. A. Bertero et al., Nature 555, 256-259 (2018). 

9. L. Fish et al., Mol. Cell 75, 967-981.e9 (2019). 

10. B. Slobodin et al., Cell 169, 326-337.e12 (2017). 

11. H. Huang et al., Nature 567, 414-419 (2019). 

12. Z. Zhang et al., Nat. Genet. 52, 939-949 (2020). 

13. E. L. Van Nostrand et al., Nature 583, 711-719 (2020). 

14. H.Le Hir, J. Sauliére, Z. Wang, Nat. Rev. Mol. Cell Biol. 17, 41-54 (2016). 

15. V. Boehm, N. H. Gehring, Trends Genet. 32, 724-735 (2016). 

16. V. Boehm et al., Mol. Cell 72, 482-495.e7 (2018). 

17. L. Blazquez et al., Mol. Cell 72, 496-509.e9 (2018). 

18. G. Singh et al., Cell 151, 750-764 (2012). 

19. W.-C. Lee et al., Plant Cell 32, 904-922 (2020). 

20. T. @. Tange, T. Shibuya, M. S. Jurica, M. J. Moore, RNA 11, 

869-1883 (2005). 

21. Y. Xiao et al., Angew. Chem. Int. Ed. 57, 15995-16000 (2018). 

22. W. Tang et al., Mol. Ther. Nucleic Acids 19, 905-921 (2020). 

23. X. Wang et al., Nature 505, 117-120 (2014). 

24. H. Du et al., Nat. Commun. 7, 12626 (2016). 

25. H. Mao, J. J. McMahon, Y.-H. Tsai, Z. Wang, D. L. Silver, 

PLOS Genet. 12, e1006282 (2016). 

26. H. Huang et al., Nat. Cell Biol. 20, 285-295 (2018). 

27. X. Wang et al., Cell 161, 1388-1399 (2015). 

28. J. Liu et al., Mol. Cell 77, 426-440.e6 (2020). 

29. J. W. Mabin et al., Cell Rep. 25, 2431-2446.e7 (2018). 

30. M. Metkar et al., Mol. Cell 72, 715-726.e3 (2018). 

31. H. Le Hir, E. Izaurralde, L. E. Maquat, M. J. Moore, EMBO J. 19, 

6860-6869 (2000). 

32. J. Liu et al., Science 367, 580-586 (2020). 

33. J. Wei et al., Science 376, 968-973 (2022). 

34. P.C. He, X. Dou, Custom scripts associated with “Exon architecture 
controls mRNA m°A suppression and gene expression” Zenodo 
(2023); https://doi.org/10.5281/zenodo.7541415. 


ACKNOWLEDGMENTS 


We thank G. Singh for FLAG-Magoh and FLAG-EIF4A3 cell lines and 
L. Wu for the BG plasmid. We thank T. Pan, E. Adams, M. Clark, 
M. Nobrega, J. Staley, and A. Joslin for comments and suggestions. 
We thank the Genomics Facility of the University of Chicago and 
the University of Chicago Comprehensive Cancer Center DNA 
Sequencing and Genotyping Facility for assistance with sequencing. 
Funding: This study was supported by National Institutes of Health 
grants HG008935 (C.H.), T32 HDOO7009 (P.C.H.), and F32 
CA221007 (B.T.H.). C.H. is an investigator of the Howard Hughes 
Medical Institute. Author contributions: Conceptualization: P.C.H.; 
Methodology: P.C.H., J.W., X.D., B.T.H., Z.Zh., and C.H.; Formal 
analysis: P.C.H., X.D., X.Y., and R.L.; Investigation: P.C.H., J.W., X.D., 
B.T.H., Z.Zh., S.W., R.G., C.L., L.-S.Z., and Z.Zo.; Visualization: P.C.H., 
X.D., and J.W.; Funding acquisition: P.C.H., B.T.H., and C.H.; Project 
administration: C.H.; Supervision: M.C. and C.H.; Writing — original 
draft: P.C.H. and C.H.; Writing - review & editing: P.C.H., J.W., X.D., 
B.T.H., Z.Zh., S.W., R.L., M.C., and C.H. Competing interests: C.H. 
is a scientific founder and a scientific advisory board member 

of Accent Therapeutics, Inc.; Aferna Bio, Inc.; and AccuraDX, Inc. The 
other authors declare no competing interests. Data and materials 
availability: Raw and processed data can be found in the National 
Center for Biotechnology Information's Gene Expression Omnibus 
under accession no. GSE162199. Custom scripts are available on 
Zenodo (34). All other data are available in the manuscript or the 
supplementary materials. License information: Copyright © 2023 
the authors, some rights reserved; exclusive licensee American 
Association for the Advancement of Science. No claim to original US 
government works. https://www.science.org/about/science-licenses- 
journal-article-reuse. This article is subject to HHMI's Open Access to 
Publications policy. HHMI lab heads have previously granted a 
nonexclusive CC BY 4.0 license to the public and a sublicensable 
license to HHMI in their research articles. Pursuant to those licenses, 
the author-accepted manuscript of this article can be made freely 
available under a CC BY 4.0 license immediately upon publication. 


SUPPLEMENTARY MATERIALS 
science.org/doi/10.1126/science.abj9090 
Materials and Methods 

Supplementary Text 

Figs. S1 to S30 

Tables S1 to S6 

References (35-79) 

MDAR Reproducibility Checklist 


View/request a protocol for this paper from Bio-protocol. 
Submitted 9 June 2021; resubmitted 3 October 2022 


Accepted 16 January 2023 
10.1126/science.abj9090 


6 of 6 


RESEARCH 


SOLAR CELLS 


Reducing nonradiative recombination in perovskite 
solar cells with a porous insulator contact 


Wei Peng“}, Kaitian Mao'+, Fengchun Cai, Hongguang Meng’, Zhengjie Zhu’, Tieqiang Li’, 


Shaojie Yuan’, Zijian Xu’, Xingyu Feng’, Jiahang Xu’, Michael D. McGehee’, Jixian Xu 


1,3% 


Inserting an ultrathin low-conductivity interlayer between the absorber and transport layer has emerged as 
an important strategy for reducing surface recombination in the best perovskite solar cells. However, a 
challenge with this approach is a trade-off between the open-circuit voltage (V,,) and the fill factor (FF). Here, 
we overcame this challenge by introducing a thick (about 100 nanometers) insulator layer with random 
nanoscale openings. We performed drift-diffusion simulations for cells with this porous insulator contact (PIC) 
and realized it using a solution process by controlling the growth mode of alumina nanoplates. Leveraging a 
PIC with an approximately 25% reduced contact area, we achieved an efficiency of up to 25.5% (certified 
steady-state efficiency 24.7%) in p-i-n devices. The product of V,, x FF was 87.9% of the Shockley-Queisser 
limit. The surface recombination velocity at the p-type contact was reduced from 64.2 to 9.2 centimeters per 
second. The bulk recombination lifetime was increased from 1.2 to 6.0 microseconds because of improvements 
in the perovskite crystallinity. The improved wettability of the perovskite precursor solution allowed us to 
demonstrate a 23.3% efficient 1-square-centimeter p-i-n cell. We demonstrate here its broad applicability for 


different p-type contacts and perovskite compositions. 


dvanced device architecture and contact 

design, together with absorber quality 

improvement, have driven the rise of 

perovskite solar cells (7). Power-conversion 

efficiencies (PCEs) as high as 25.7% have 
been achieved for conventional n-i-p devices 
with the perovskite deposited on the electron 
transport layer (ETL) (2, 3). The p-i-n cells [an 
inverted architecture built on the hole trans- 
port layer (HTL)] recently also reached certi- 
fied PCEs of ~24% (4, 5). Although PCEs of p-i-n 
cells lag behind those of their n-i-p counter- 
parts, they are highly valued, especially for their 
demonstrated greater stability and higher effi- 
ciency in state-of-the-art tandem cells (6-10). 
The open-circuit-voltages (V,.S) of these top- 
performing cells have reached >90% relative 
to the Shockley-Queisser (S-Q) limit for the 
corresponding band gap, exceeding the level 
of record silicon cells (~85%) (/, 11). This high 
level of V,, reflects the intensive efforts to 
reduce nonradiative recombination at photo- 
carrier transport interfaces realized by the in- 
sertion of ultrathin low-conductivity passivation 
layers. Low-dimensional perovskites (4, 12-17) 
and low-conductivity organic materials [such 
as polystyrene, poly(methyl methacrylate) poly- 
mer (PMMA), and organometallic molecules] 
(3, 5, 18, 19) are the dominant passivation 
materials for current top-performing cells. Re- 
searchers have also explored dielectric inorga- 
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nics such as Al,O3 and ZrO, (20-24), analogous 
to the tunnel oxide passivation in silicon cells 
(25-28). However, they are far less successful, 
primarily because of the extreme sensitivity 
of electric tunneling to the dielectric thickness. 
It has been reported that a subnanometer in- 
crease in the dielectric layer thickness can 
cause a vast fill factor (FF) reduction because 
of the series resistance loss (20, 26). This 
trade-off problem is also generic for a two- 
dimensional (2D) perovskite and insulating 
organic passivation layers. This passivation- 
transport trade-off makes the simultaneous 
maximization of V,, and FF a challenge (/, 18, 19). 
It also makes up-scaling fabrication a further 
challenge because it is not easy, especially 
using a solution process, to cover a rough large- 
area surface uniformly with an ultrathin pas- 
sivation layer. 

Here, we present a contact structure to 
overcome these two challenges in which the 
conventional ultrathin (~1 nm) passivation layer 
is replaced with a thick (~100 nm) dielectric 
mask that has random nanoscale openings 
(Fig. 1A). Photocarrier extraction is not com- 
promised because photocarriers travel across 
the thick dielectric mask through the openings 
rather than by electrical tunneling. This con- 
tact design is called a “porous insulator con- 
tact” (PIC). We realized this design using a 
low-cost and scalable solution process that 
exhibits high tolerance to variations in dielec- 
tric thickness and opening size. Our numerical 
simulations and device experiment revealed 
that PIC reduces nonradiative recombination 
at perovskite’s HTL contact through a com- 
bined effect of contact area reduction and 
passivation. Moreover, because PIC clusters 
are hydrophilic and rough and the preferred 
HTL materials are hydrophobic, surface wet- 
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ting and perovskite film quality were improved. 
The surface recombination velocity (SRV) at 
the HTL contact was reduced from 64.2 to 
9.2 cm/s. The bulk recombination lifetime was 
increased from 1.2 to 6.0 us because of im- 
provements in the perovskite crystallinity. 
Using a PIC that can reduce the contact area 
by ~25%, we boosted the PCE of a p-i-n device 
from ~23 to 25.5% (certified steady-state PCE 
of 24.7%, active area 0.06 cm’), the highest 
ever reported for a p-i-n cell (table S1). Its 
product of V,, x FF is 87.9% of the S-Q limit, 
rivaling that of the record n-i-p devices. PIC’s 
advanced scalability also allows us to demon- 
strate 23.3% PCE for a 1-cm? p-i-n cell, among 
the highest for all perovskite cells with active 
area >1 cm? (table $2). We demonstrated its 
broad applicability for different HTLs and 
perovskite compositions (band gaps of 1.55, 
1.57, and 1.65 eV). 


PIC design 


The PIC design is inspired by but different 
from the local contact in commercial silicon 
solar cells (27-31). For instance, the dielectric 
passivation layer (Al,03/SiN, or SiO./SiN, 
stack with oxide thickness of ~10 nm) ina 
passivated emitter and rear contact silicon cell 
is opened by laser firing to localize the metal 
contact (or heavily doped contact) for carrier 
extraction (fig. SIA). The typical opening area 
ratio is ~1% to minimize contact area for re- 
combination and to retain a high FF. The 
spacing between openings matches the photo- 
carrier diffusion length in silicon on a scale of 
multiple hundreds of micrometers to one 
millimeter. Unfortunately, this technique can- 
not be directly transferred to perovskite solar 
cells because the photocarrier diffusion length 
is on a scale of hundreds of nanometers. This 
nanoscale requirement leads to a fabrication 
challenge for laser firing or opening etching. 
For n-i-p perovskite solar cells, nanoscale local 
contact has been attempted by a periodic 
TiO, nanorod array (pitch of ~300 nm) fab- 
ricated using high-resolution electron-beam 
lithography (78). The pinheads of TiO, nano- 
rods puncture the ultrathin (<3 nm) PMMA 
insulating passivation layer to form the local 
contacts with the perovskite for electron ex- 
traction. However, the sophisticated electron- 
beam lithography microfabrication process 
makes it difficult for mass production. The 
nanorod local contact had enhanced FF up to 
84.5%, but also showed a slightly reduced V,, 
because of the increased perovskite/nanorod 
contact area for recombination (fig. S1B). 

In light of these considerations, we sought a 
PIC design (Fig. 1A and fig. S1C) for p-i-n de- 
vices with combined features of (i) a reduced 
contact area at the perovskite/HTL interface; 
Gi) opening spacing on a scale of ~100 nm, 
shorter than the photocarrier diffusion length 
of perovskite; and (iii) a scalable fabrication 
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process. As illustrated in Fig. 1A, process a is 
the lateral transport of carriers that cannot 
electrically tunnel through the thick Al,O3. 
Process b represents the “through-the-opening” 
transport of carriers through the channels 
formed by the infilling perovskite. We selected 
Al,O3 to be the dielectric material for its easy 
accessibility, but in principle, other insulating 
materials such as SiO,, ZrO. and insulating 
organic dielectrics could also be used. 

To disentangle the PIC’s structural effect 
and interface passivation effect, we developed 
a 2D numerical drift-diffusion model (for de- 
tails, see the materials and methods, fig. S2, 
and tables S3 and S4) (18, 32) to simulate de- 
vices with different dielectric coverages and 
different surface recombination velocities at 
the perovskite/HTL interface (tuning the defect 
density while the defect capture ability re- 
mained unchanged). The local insulator was 
modeled with thickness / = 100 nm to elimi- 
nate the electrical injection or tunneling 
through the dielectric layer. The local insu- 
lator’s width d = 100 nm is shorter than the 
photocarriers’ diffusion length in the perov- 
skite to ensure their lateral transport between 
adjacent openings (18, 37). The percentage re- 
duction of the contact area is tuned through 
the dielectric coverage [d/(d + s)], where s is 
the local opening width. We started by apply- 
ing PIC in a control device (bare HTL) with a 
PCE of ~22%, a respectable value for p-i-n 
cells. As shown in Fig. 1B, we found that the 
PCE, V,,, and FF all increased steadily with the 
dielectric coverage, i.e., reduced the perovskite/ 
HTL contact area, which agrees well with pre- 
vious reports (26-28, 33). For PIC devices with 
different trap densities at the perovskite/HTL 
interface (fig. S3), we observed the same im- 
provement trend of PCE, V,., and FF. This 
independence confirms the PIC’s inherent 
structural effect on the V,, and FF enhance- 
ment, providing a pathway to overcoming the 
passivation-transport trade-off encountered in 
conventional contacts. A PIC’s coverage of 25% 
can deliver a respectable PCE percentage im- 
provement of ~5% (Fig. 1, B and C, blue line). 
Increasing the PIC’s coverage to 64% (Fig. 1C, 
orange dashed line) or coating this PIC on a 
passivated HTL with lower surface trap den- 
sity (Fig. 1C, red line) can further increase the 
PCE percentage improvement to exceed 10%. 
These simulation results provide important 
guidance for achieving >25% efficient p-i-n 
solar cells. To verify the applicability of the 
PIC model, we also conducted simulations 
for varied insulator widths d (30, 100, and 
200 nm) and higher coverage up to 81% (fig. 
S4), which delivered entirely consistent re- 
sults. Beyond the perovskite/HTL contact area 
analyzed in the simulation, the interface pas- 
sivation effect in real devices can also occur at 
the perovskite/dielectric contact interface. There- 
fore, it is rational to regard the above simula- 
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Fig. 1. Concept and simulation of a PIC for a p-i-n device. (A) Schematic description of the PIC device 
structure (not to scale). The parameters h, d, and s represent the local Al203 dielectric mask’s height, width, and 
local opening width, respectively. Process a represents the lateral transport of carriers that cannot electrically 
tunnel through the thick Al203. Process b represents the “through-the-opening” transport of carriers through the 
channels formed by the perovskite infill. The insertion of PIC reduces the perovskite/HTL contact area and 


suppresses interface recombination. The PIC coverage fraction is defined as [d/(d + s)]°. e and 


h represent the 


electron and hole charge carrier, respectively. (B) 2D drift-diffusion simulation of a PIC device (d = 100 nm, 

h = 100 nm) built on a conventional HTL (such as a PTAA polymer) showing consistently increased PCE, V,., and 
FF as a function of PIC coverage fraction. The y axis shows their percentage enhancement relative to the control 
(bare HTL without PIC). (©) Simulated J-V curves of the control device (without PIC, solid black line), the PIC 
devices with coverage of 25% (solid blue line) and 64% (orange dashed line) built on conventional HTL, and 
the PIC device with coverage of 25% built on a passivated HTL (reduced surface recombination velocity through 


reduced trap density at interface, solid 


red line). Simulation results [(B) and (C)] show that the PIC structural 


effect can be paired with HTL passivation to improve the photovoltaic performance. 


tion as a conservative estimation. The PIC’s 
reduced contact area, paired with the entire 
interface passivation, can gain even higher V,. 
and FF. 


PIC fabrication 


We implemented the PIC contact design by 
judicious control over the growth mode of the 
Al,O3 nanoplate clusters during the solution 
process. The PIC principle requires a high 
contrast between the local dielectric mask 
and the adjacent opening area of HTL. There- 
fore, it is critical to avoid forming a continuous 
ultrathin dielectric layer that would create a 
passivation-transport trade-off. The former 
morphology desirable for PIC is analogous to 
the “isolated island” that results from Volmer- 
Weber (V-W) growth (Fig. 2E) (34), and the 
latter is analogous to the “layer-plus-island” 
morphology that arises from Stranski-Krastanov 
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(S-K) growth (Fig. 2D) (35). We first tested the 
30-nm Al,0; nanoplate dispersion (d = 30 nm) 
that has been used for mesoporous scaffolds 
(33). By spin-casting the dispersion with dif- 
ferent concentrations (0.7 to 4 mg ml“), we 
found that its strong preference was to form 
continuous layers, as shown in atomic force 
microscopy (AFM) morphology images (Fig. 2, 
F to H). The Al,O coverage fraction rapidly 
increased to almost 100%, even at a diluted 
concentration of 2 mg ml’ (Fig. 2M). As per 
the S-K growth mechanism, we reason that 
this morphology occurs because the nanoplate- 
nanoplate interaction is weaker than the 
nanoplate-substrate interaction (35). The weak 
nanoplate-nanoplate interaction is suggested 
by the narrow peak of hydrodiameter size in 
dynamic light scattering (Fig. 2A) and the well- 
isolated dispersion manner shown in the trans- 
mission electron microscope (TEM) images 
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Fig. 2. Realization of PIC contact design through a solution process of 
Al,03 nanoplate. (A) Dynamic light scattering (DLS) measurements of Al203 
nanoplate in isopropanol (1 mg ml~) with two different hydrodiameter sizes (d = 

30 nm and d = 100 nm). (B and C) TEM images of Alz03 dispersions (~0.1 mg mI?) 
with nanoplate size d = 30 nm (B) and d = 100 nm (C). (D) Illustration of S-K 
growth of a “layer-plus-island” using Alz03 nanoplate dispersion with d = 30 nm. 

(E) Schematic description of V-W growth of an “isolated island” using AlsO3 nanoplate 
dispersion with d = 100 nm. (F to K) AFM images of ITO/HTL/AI,03 stacks using 
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d = 30 nm [(F) to (H)] and d = 100 nm [(I) to (K)] Al203 nanoplates with a 0.7, 1.4, 
and 4 mg ml dispersion concentration, respectively. (L) Line scan from an AFM 
image of Al,03 islands (d = 100 nm, concentration = 1.4 mg mI’) after the V-W growth 
and coarsening procedure. The flat and clean baseline corresponds to the HTL surface 
at openings. (M to Q) Evolution of coverage fraction (M), Voc (N), FF (O), Jsc (P), 
and PCE (Q) for two different Al2O3 sizes (d = 30 nm versus 100 nm) as a function of 
the dispersion concentration. The solar cell structure is ITO0/PTAA/PIC/perovskite/ 
C60/BCP/Ag. The HTL is the polymer PTAA. 


3 of 8 


RESEARCH | RESEARCH ARTICLE 


A Glass/P|C/perovskite B Glass/P|C/perovskite 
Concentration 1f Concentration 7 
—o0 e 0 ~150ns 
oo ——= 0.7 x! 0.7 ~430ns 
5 —t14 a © 1.4 ~490ns 
> = e 2 ~420ns 
2 801 
2 © 
£ & 
= Oo 
a Zz 
: 0.01 k mr ares NG 
700 800 900 0 500 1000 1500 
Wavelength (nm) Time (ns) 
D E Me-4PACz/PIC/perovskite 
1k Concentration T 
e Q ~880 ns 
ie 0.7 ~3860 ns 
; a 1.4 ~3780 ns 
Perovskite E ~3510 ns 
no] 
NO14+ 
= 
ey VA Geese 5 
Glass/ITOM \ | 
Excitation PL 0.01 & ; "ae 
0 1000 2000 3000 4000 5000 


Fig. 3. Impact of PIC on reducing nonradiative recombination. (A and 

B) Steady-state photoluminescence (PL) spectra (A) and TRPL decays (B) of 
the glass/PIC/perovskite stacks. Al2O3 nanoplates (d = 100 nm) with 
concentrations of 0 to 2 mg ml? were used to form different coverage fractions. 
The slow monoexponential decay (ct, indicated by the black dashed line) 
represents the dominance of trap-assisted recombination in the bulk and the 
surface. The prolonged t in PIC-containing samples indicates reduced non- 
radiative recombination. (C) Normalized PLQY and + of glass/PIC/perovskite 
stacks (indicated as PIC sample) relative to the control sample (PIC 


(Fig. 2B). By contrast, the 100-nm Al,03 nano- 
plates (d = 100 nm) formed islands and clus- 
ters in the fashion of V-W growth, as shown in 
AFM morphology images for the concentra- 
tion of 0.7 to 4 mg mI (Fig. 2, I to K). The 
broad peak of the hydrodiameter size shown 
in dynamic light scattering (Fig. 2A) and the 
clustering manner shown in TEM images (Fig. 
2C) of the 100-nm Al,O3 suggest a strong 
nanoplate-nanoplate interaction, providing 
the driving force for the V-W growth. With in- 
creased concentration (0.7 to 4 mg ml), we 
observed growth and coarsening of clusters, 
resulting in the coverage fraction gradually 
increasing from ~15 to 50% (Fig. 2M). A rep- 
resentative height profile at a concentration 
of 1.4 mg ml” (Fig. 2L) reflects the growth 
and coarsening of Al,O; islands, with average 
island width of 160 nm (range 64 to 270 nm), 
average island height of 64.5 nm (range 25 to 
109 nm), and coverage of ~25% (fig. S5). Cru- 
cially, the clean and flat background in mor- 
phology images, corresponding to the exposed 
HTL surface, can be attained for concentra- 
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Time (ns) 


heterostructure model. 


tions ranging from 0.7 to 4 mg ml” (Fig. 2, Ito 
K), providing the precondition for the success- 
ful realization of PIC. 


Solar cell fabrication and testing 


We then fabricated p-i-n devices to evaluate 
the solution-processed Al,O3 dielectric mask 
with different sizes (d = 30 versus 100 nm) and 
various concentrations (0.7 to 4 mg ml”) (Fig. 
2, M to Q). Following the state-of-the-art p-i-n 
architecture (5, 7), we used poly[bis(4-phenyl) 
(2,4,6-trimethylphenyl)amine (PTAA) as the 
HTL deposited on indium tin oxide-coated 
glass (ITO), and C60 as the ETL deposited on 
top of the perovskite surface (for details, see 
the materials and methods). The perovskite 
composition was Csp.95(FAo.9sMAo.05)o.95Pb 
(o.95BYo0.05)3 (where FA is formamidinium and 
MA is methyl ammonium) with a band gap of 
1.55 eV. For the Al,O3 mask with d = 30 nm, we 
observed slightly increased V,, and FF only for 
the concentration of 0.7 mg ml”. With further 
increased concentration, the FF decreased 
vastly, in agreement with the trend of short- 
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concentration = 0). (D) Schematic description of the PL/TRPL experiment on the 
ITO/HTL/PIC/perovskite stacks. (E) TRPL decays of ITO/HTL/PIC/perovskite 
stacks, where the HTL is Me-4PACz. Insertion of PIC at the HTL/perovskite 
interface can prolong the t (indicated by the black dashed line) and enhance 
the PLQY, highlighting the reduced nonradiative recombination and the potential 
for Vog and FF enhancement. (F) Substantially improved perovskite bulk 
lifetime (t») and SRV in the PIC sample relative to the control revealed by 
fitting the TRPL transients of varied thickness through a double-sided 


circuit current density (J,.) loss and the for- 
mation of a continuous layer as observed in 
AFM images (Fig. 2, G and H). By contrast, we 
observed a significantly broader performance 
enhancement window for the Al,O3 mask with 
d = 100 nm. With increased concentration 
from 0.7 to 2mg ml’, the coverage fraction 
was consistently increased. V,., FF, and PCE, 
as well as the retained J,,, are fully subject 
to the prediction of the ideal PIC model and 
consistent with the V-W growth of islands. 
For the concentration of 4 mg ml’ with an 
even higher coverage fraction (~50%), the V,. 
and FF remained higher than the control de- 
vice but less efficient than the trend extra- 
polation from the ideal PIC model. To explain 
this deviation at high concentration, we pro- 
pose that the increased proportion of oversized 
islands (i.e., those larger than the photocarrier 
diffusion length of the perovskite) reduces carrier 
collection. Given the relatively large size dis- 
persion in d = 100 nm solution, it is also pos- 
sible that the S-K growth of smaller nanoplates 
occurs in parallel with V-W growth of larger 
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Fig. 4. PV characteristics of PIC-enhanced p-i-n devices. (A) Cross-sectional 
SEM image of the PIC device. The HTL is Me-4PACz coated with PIC (area 
coverage ~25%). Arrows indicate the Al,03 islands of PIC. (B) Distribution 

of PCE, Voc, FF, and Js. of control and PIC devices. Data are shown for 

20 substrates of each type made from the same perovskite precursor and 
processing batch. The control device uses Me-4PACz without the coating of PIC. 
(C) The external electroluminescence quantum efficiency (EL-EQE) measure- 
ments of control and PIC devices under different injection currents. The inset 
photo shows a PIC solar cell operated as an LED. (D) Suns-V4¢ measurements to 


deduce the diode ideality factor. (E and F) Detailed V,, loss analysis (E) and FF 


loss analysis (F) of the co 


ntrol and PIC devices. (G and H) J-V curves of the 


champion PIC devices with an active area of 0.06 cm? (G) and 1 cm? (H). The 
perovskite absorber's band gap is 1.55 eV. (I) Stabilized PCEs of champion 
PIC devices determined by MPPT for 300 s. (J and K) Long-term accelerated 


aging test of thermal stab 
MPPT operational stability 
control and PIC devices. T 
No to reveal their inherent 


nanoplates, and its effect becomes non-ignorable 
at the concentration of 4 mg ml‘. We also 
note that as the coverage increases, the local 
opening width can become very narrow (such 
as <10 nm) and thus may induce non-ideal fac- 
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tors such as the failure of perovskite infill of 
narrow local openings or the dimensional- 
limited perovskite in the narrow channels ex- 
hibiting charge transport properties differing 


from the bulk (36, 37). These non-ideal factors, 
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ility (continuous heating at 85°C) (J) and continuous 
(1-sun equivalent white LED illumination) (K) of the 
he devices are nonencapsulated and tested in ambient 
properties. 


from a positive viewpoint, provide valuable 
guidelines for further optimization of solution- 
processed PIC. The above PIC device model can 
also be more precise if we can find a way to in- 
clude these non-ideal factors at high coverage. 
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With these studies, we henceforth used 100-nm 
Al.O3 with a concentration of 1.4 to 2 mg ml‘ 
for the optimized PIC solar cells. 

For the concentration of 1.4 mg ml? with 
coverage of ~25%, we obtained a maximized 
PCE percentage improvement of ~12% (19.7 
versus 22.2%) (Fig. 2, M to Q), in agreement 
with the above discussion that the simulator’s 
prediction is conservative. Improvement of 
V.,- and FF could arise from factors other than 
just the PIC’s reduction in contact area: the 
passivation of perovskite surface at HTL and 
the improved bulk quality as the perovskite 
grows on PIC-coated HTL. To evaluate these 
effects, we compared photoluminescence 
quantum yield (PLQY) and transient photo- 
luminescence lifetime (TRPL) of glass/perovskite 
and glass/PIC/perovskite samples in the ab- 
sence of HTL (Fig. 3, A to C). The sample was 
illuminated through the glass to be consistent 
with the solar cell’s operational condition 
(19, 38). PLQY enhancement can be observed 
for PIC samples of concentrations from 0.7 to 
2 mg ml’. Consistent with PLQY enhance- 
ment, we observed a significantly slower TRPL 
decay in all PIC samples with concentrations 
of 0.7 to 2 mg mI’, suggesting suppressed non- 
radiative recombination in bulk and surfaces. 

We then measured the PLQY and TPPL of 
perovskite coated on PTAA. Consistent with 
other reports (6, 19), we observed that the 
biexponential TRPL decay of an ITO/PTAA/ 
perovskite stack was much faster than that of 
a glass/perovskite stack (fig. S6) because of 
the additional nonradiative recombination 
pathways. As pointed out previously (39-42), 
the fast initial decay represents the com- 
bined process of charge extraction (quench- 
ing) and nonradiative recombination. The 
slow monoexponential decay lifetime [(t), in- 
dicated by the black dashed line in fig. S6] 
is mainly attributed to trap-assisted recombi- 
nation in the bulk and surfaces and is among 
the most widely used and trusted indicators 
to predict the achievable V,, (for details, see 
the materials and methods) (19, 38). Follow- 
ing this reasoning, we attributed the similar 
initial fast decays in the ITO/PTAA/perovskite 
stack and the ITO/PTAA/PIC/perovskite stack 
to the retained carrier extraction and the sig- 
nificantly increased t with the use of PIC to 
the reduced nonradiative recombination (fig. 
S6). These TRPL changes agree with the V,, 
and FF improvement observed in PIC-coated 
PTAA devices (Fig. 2, N to Q). 

We further tested the PIC’s applicability on 
different HTLs. We used a self-assembled mono- 
layer of [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl] 
phosphonic acid (Me-4PACz) because this has 
been demonstrated to increase the PL lifetime 
and enable superior interface passivation to 
the PTAA/perovskite stack (6). The ITO/Me- 
4PACz/perovskite stack exhibited a biexpo- 
nential decay consisting of a fast decay and 
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es] 
Table 1. PV parameters of PIC-enhanced p-i-n perovskite solar cells (band gap = 1.55 eV). 


Jc (mA cm”) 


25.08 


Area (cm?) 


Voc (V) 
1.208 


FF (%) 
84.37 


PCE (%) 
25.56 


Stabilized PCE* (%) 
25.50 


1.203 


25.02 


*Maximum power point tracking for 300 s. Certified. 


an impressively long t of ~880 ns (Fig. 3, D 
and E), corresponding to an achievable V,, of 
1.18 V (for details, see the materials and meth- 
ods) (19, 38). By coating the Me-4PACz with 
PIC, the t was further increased by a factor 
of ~4.4 (Fig. 3E). The t of ~3800 ns in a Me- 
4PACz/PIC/perovskite stack corresponds to 
an achievable V,. of 1.25 V, representing 
97.3% of the S-Q limit of V,, (1.285 V) for a 
1.55-eV-band gap semiconductor. The increased 
tin Me-4PACz/PIC/perovskite stacks was high- 
ly consistent for different PIC concentrations 
(0.7 to 2 mg ml’). At the same time, the TRPL 
and PLQY trends in Me-4PACz/PIC/perovskite 
stacks (fig. S7) agreed well with those observed 
in glass/PIC/perovskite stacks. This consisten- 
cy suggests that the passivation effect of PIC 
and Me-4PACz can be successfully combined 
in the PIC device because the perovskite is in 
contact with both the HTL and PIC materials. 

We also conducted the differential TRPL 
analysis to resolve the stages of charge ex- 
traction and recombination (6, 43, 44). The 
lifetime plateau increased from ~1 to ~4.4 us 
upon the inclusion of PIC, reconfirming the 
substantially reduced nonradiative recombina- 
tion losses in bulk and surfaces (fig. S8). The 
steep lifetime rise at early times was maintained 
in PIC samples, indicating that the local open- 
ings in PIC support the fast charge transfer. 

To disentangle the bulk and surface re- 
combination, we conducted SRV analysis by 
measuring TRPL as a function of perovskite 
thickness (Fig. 3F and fig. S9) following a 
double-heterostructure model (43, 45-48) as 
follows: 


2SRV 
Teff 7 Th d 


1 1 


(1) 


where Tere is the effective lifetime of TRPL 
decay, t, the bulk lifetime, and d the perov- 
skite thickness (for details, see the materials 
and methods). The inclusion of PIC at HTL 
substantially improved the bulk lifetime from 
1.2 to 6.0 ps, likely because of the hydrophilic 
and rough surface of Al,O; clusters that pro- 
foundly modify the perovskite’s growth and 
bulk quality, as previously reported (33, 49). 
This fact is evidenced by the markedly im- 
proved wetting and coverage of perovskite on 
the PIC-coated HTL (fig. S10). The enlarge- 
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82.73 


24.904 2a Tit 


ment of the perovskite’s apparent grain size 
is not appreciable, as shown in the scanning 
electron microscope (SEM) top-view images 
and AFM morphology images in figs. S11 and 
S12. However, our grazing incidence wide- 
angle x-ray scattering (GIWAXS) data (fig. $13, 
A and B) showed that the PIC sample exhib- 
ited higher radially integrated intensities of 
perovskite (100) and (200) crystal planes rela- 
tive to the control sample (fig. S13, C to E), 
consistent with the peak ratios observed in 
x-ray diffraction measurements (fig. S14). More- 
over, the azimuthal integration of (100) and 
(200) planes showed that the PIC sample’s dif- 
fraction signals were more oriented and con- 
centrated at azimuth angles around 90° (fig. 
S13F), suggesting that the presence of PIC pro- 
moted its out-of-plane growth. Per previous 
reports (50-53), the enhancement and orien- 
tation promotion of the (100) plane have been 
widely linked with reduced defect density and 
improved carrier lifetime in bulk perovskite, 
in agreement with the above improvement 
shown in TRPL, PLQY, and SRV measurements. 
The SRV at the HTL interface was substantially 
reduced from 64.2 to 9.2 cm/s, highlighting the 
opportunity to approach the thermodynamic 
limit according to previous device simulations 
(46, 54). 

Motivated by this success, we fabricated 
the p-i-n solar cells of ITO/Me-4PACz/PIC/ 
perovskite/C60/BCP/Ag. The Al,O3 isolated 
islands (coverage of ~25% and concentration 
of 1.4 mg ml‘) formed on the Me-4PACz layer 
as shown in cross-sectional SEM images (Fig. 
4A). We fabricated 20 solar cells with the PIC 
and 20 without it in the same batch. The PIC 
increased the average PCE from 22.1 to 24.5% 
(Fig. 4B), primarily caused by an increase in 
Vo. and FF. The PIC increased the average 
Voc from 1.13 to 1.19 V, agreeing with the above 
prediction from TRPL measurements (1.18 
versus 1.25 V). The additional V,, loss in the 
solar cell relative to the prediction can be 
linked to the non-idealities of fabrication and 
additional loss at the ETL contact (6, 19, 55). 

We conducted a quantitative analysis of the 
Voc loss following the detailed balance theory 
(for details, see the materials and methods) 
(56, 57). The external quantum efficiency of 
electroluminescence of the PIC device (fig. S15) 
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increased by a factor of ~7 relative to the 
control at the injection level close to Js. (Fig. 
4C), which is consistent with the PLQY and 
SRV improvements. The nonradiative recom- 
bination loss was reduced by ~50 mV, repre- 
senting the main contributor to the higher V,, 
in PIC devices (Fig. 4E). By contrast, the im- 
provement (~2 mV) in radiative recombination 
loss was secondary, as revealed by the high- 
sensitivity external quantum efficiency near the 
band edge (fig. S16). 

To quantitatively analyze the enhanced FF 
in PIC devices (from the average of 78.5 to 
82.3%) (Fig. 4B), we used the Suns-V,, meth- 
od, which involves measuring J-V curves as a 
function of light intensity (for details, see the 
materials and methods) (58, 59). The deduced 
ideality factor was improved from 1.66 to 1.32 
(Fig. 4D), in good agreement with nonradia- 
tive recombination suppression and FF en- 
hancement. The FF enhancement in PIC devices 
has considerable contributions from reduced 
transport loss (4.78 versus 7.11%) and reduced 
nonradiative recombination loss (2.65 versus 
6.05%) (Fig. 4F). The PIC enabled the pseudo- 
FF, which is the FF in the absence of trans- 
port loss, to be 87.7% (fig. S17), which is ~97.1% 
of the thermodynamic limit (S-Q limit). By con- 
trast, the pseudo-FF for the bare Me-4PACz 
was only 84.3%. This FF analysis highlights 
how the PIC overcomes the V,.-FF trade-off 
by forming a practical, through-the-opening 
transport through the perovskite infill. 

The champion PIC device showed a PCE of 
25.6% (Voc = 1.208 V, Jee = 25.08 mA cm™, and 
FF = 84.37%) with negligible hysteresis (Fig. 
4G). The stabilized PCE was 25.5% after a 
maximum-power-point tracking for 300 s (Fig. 
41). This efficiency is among the highest ever 
recorded for perovskite single-junction cells 
(table S1). The measured V,, and FF are 94 and 
93.5% of their S-Q limit for a 1.55 eV solar cell 
and ~97% of their upper limits predicted from 
TRPL lifetime (1.25 V) and pseudo-FF (87.7%), 
respectively. As previously reported (J), the 
product V,, x FF relative to the S-Q limit 
allows quantifying the V,,-FF trade-off with- 
out the influence of different band gaps. Our 
PIC device can deliver a V,. x FF of 87.9% of 
the S-Q limit, the highest for a p-i-n device to 
date and rivaling the level (87.3%) in the rec- 
ord n-i-p device (table S1 and fig. S18). 

The certification of one PIC device mea- 
sured by an independently accredited testing 
center (the Chinese National PV industry Mea- 
surement and Testing Center) gave a PCE of 
24.9% (Voce = 1.203 V, Jee = 25.02 mA cm™, and 
FF = 82.73%) (fig. S19) and a stabilized PCE of 
24.71% after maximum-power-point tracking 
(MPPT) for 300 s (fig. S20). This confirmed 
value is the highest certified efficiency among 
all p-i-n devices (table S1). The J,, measured in 
our laboratory highly matched the certified J,. 
within an error of <0.3% and also matched the 
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Jee (24.4 mA em”) calculated by integrating 
the EQE spectrum (fig. $21). 

From the device manufacturing perspective, 
the standard deviation in PCE was reduced 
from 1.37 to 0.45% by using the PIC (Fig. 4B). 
The improved homogeneity and yield of perov- 
skite films deposited on the rough and hydro- 
philic PIC surface allowed us to realize enlarged 
cells with fewer shunting pathways. The PIC 
cells with an aperture area of 1 cm” reached a 
PCE of 23.3% (Voc = 1.17 V, Jee = 25.05 mA cm, 
and FF = 79.48%) (Fig. 4H), among the highest 
values for all perovskite cells with active area 
>1 cm? (table $2). 


Stability measurements 


We examined the long-term stability of PIC 
devices under accelerated lifetime conditions 
of continuous heating and illumination fol- 
lowing the ISOS consensus protocol (for de- 
tails, see the materials and methods) (60). An 
SnO, layer (15 to 20 nm) made by atomic layer 
deposition was used to replace the BCP layer 
for the long-term stability test without a trade- 
off of PCE. We tested unencapsulated devices 
in an Nz atmosphere to reveal their intrinsic 
properties and to avoid encapsulation modifi- 
cation. The PIC devices retained 98% of the 
initial PCE after accelerated aging at 85°C for 
1000 hours, whereas the control device exhib- 
ited ~20% PCE loss (To lifetime) at ~400 hours 
(Fig. 4J). Moreover, the PIC devices exhibited 
minor degradation of <2% after 1000 hours of 
continuous operation at MPPT (perturb-and- 
observe tracking) under 1-sun illumination 
(chamber temperature ~35 to 40°C) (Fig. 4K). 
The control devices showed no degradation 
for ~200 hours and then a 20% loss of PCE at 
~800 hours. We noted that our p-i-n devices 
exhibited no burn-in degradation but a slightly 
increased PCE during the initial stage, which 
may have been caused by light-induced defect 
healing of perovskite, as revealed in previous 
reports (61, 62). This impressive operational 
stability in PIC devices is consistent with the 
observed improvement in film wetting, pas- 
sivation, and carrier transport. It has been 
revealed that better passivation paired with 
faster carrier extraction at the perovskite/ 
HTL interface can effectively improve stabil- 
ity because of less carrier accumulation and 
suppressed phase segregation (6, 63). 


Outlook 


In light of the successful application of double- 
sided (both n- and p-type) local contacts in 
silicon cells, we attempted the PIC device’s 
extension by additionally spin-coating Al,O; 
on the perovskite surface but did not gain any 
further improvement in V,. and FF (fig. S22A). 
We speculate that Al,O; clustering and growth 
on the perovskite rough surface may differ 
from that on the HTL flat surface, and the 
local contact structure at the rear ETL differs 
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from that of the front PIC (see the schematic 
diagrams in fig. S22, B to E), suggesting that 
the extension of PIC on the top surface re- 
quires appropriate modification. It is also 
worth noting that the established silicon solar 
cells’ local contacts are typical of a coverage 
of >90%. Consistently, our simulations (fig. 
S4) showed that the PCE could be raised by 
another ~2% if a way could be found to fab- 
ricate a nearly ideal PIC structure with cover- 
age increased from 25 to >80%. 

The PIC concept can also be generalized to 
other perovskite compositions. In FAg 9; MAoo5 
Pb(Io92Bro.0g)3, a Cs-free composition with a 
band gap of 1.57 eV, we improved the p-i-n 
cells’ PCE from 22.90 to 25.13% by using PIC, 
featured with high V,, of 1.2 V and FF of 
84.14% (fig. S23). Moreover, we also observed 
considerable PCE, V,., and FF improvement in 
1.65-eV perovskite cells, which are of high in- 
terest for tandem applications (fig. S24). These 
two demonstrations were not optimized. For in- 
stance, the PIC parameters, such as the opening 
spacing, should be tuned to match the photo- 
carrier diffusion length of a specific perovskite. 
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Rational design of Lewis base molecules for stable 
and efficient inverted perovskite solar cells 


Chongwen Li?, Xiaoming Wang’, Enbing Bi, Fangyuan Jiang”, So Min Park?, You Li’, Lei Chen’, 
Zaiwei Wang’, Lewei Zeng, Hao Chen’, Yanjiang Liu®, Corey R. Grice’*, Abasi Abudulimu’, 
Jaehoon Chung’, Yeming Xian’, Tao Zhu’, Huagui Lai°, Bin Chen*°, Randy J. Ellingson’, Fan Fu°, 
David S. Ginger”, Zhaoning Song’, Edward H. Sargent**”, Yanfa Yan** 


Lewis base molecules that bind undercoordinated lead atoms at interfaces and grain boundaries 

(GBs) are known to enhance the durability of metal halide perovskite solar cells (PSCs). Using density 
functional theory calculations, we found that phosphine-containing molecules have the strongest binding 
energy among members of a library of Lewis base molecules studied herein. Experimentally, we found 
that the best inverted PSC treated with 1,3-bis(diphenylphosphino)propane (DPPP), a diphosphine Lewis 
base that passivates, binds, and bridges interfaces and GBs, retained a power conversion efficiency 
(PCE) slightly higher than its initial PCE of ~23% after continuous operation under simulated AM1.5 
illumination at the maximum power point and at ~40°C for >3500 hours. DPPP-treated devices showed 
a similar increase in PCE after being kept under open-circuit conditions at 85°C for >1500 hours. 


iven their high power conversion effi- 

ciencies (PCEs), metal halide perovskite 

solar cells (PSCs) offer a route to lower- 

ing the cost of solar electricity (7-4). 

However, durability remains a major 
hurdle along the path to technological rele- 
vance (5-7) and must be assessed through 
accelerated degradation tests (8). Damp heat 
testing at 85°C in the dark at 85% relative 
humidity (RH), a test standard for crystalline 
silicon (Si) and thin-film photovoltaic (PV) 
modules, has been adopted for accelerating 
the durability test of PSCs (9-11). These tests 
are typically used to evaluate packaging rather 
than PV material durability. PSCs can also show 
degradation under photoexcited conditions 
(12), and especially under open-circuit (OC) 
conditions (13), that are more acute than one 
sees in standardized silicon tests. Mechanis- 
tically, such findings are often attributed to ion 
migration (/4, 75) and charge accumulation at 
interfaces (9, 16, 17). 

We studied the operating stability at 85°C 
under simulated 1-sun illumination (where 
1 sun is defined as the standard illumination 
at AM1.5, or 1 kW m ”) and OC conditions— 
important test conditions under which PSCs 
have been studied to date only to a limited 
degree (18-20). Light- and heat-induced deg- 
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radation in PSCs is related to point defects 
formed at interfaces and grain boundaries 
(GBs) (14, 21). Moisture-induced degradation 
is curtailed using encapsulation (22), whereas 
the passivation of defects at interfaces and 
GBs within the perovskite film is required to 
improve the PCE and intrinsic durability of 
PSCs (11, 23-26). The use of phosphorus (P)-, 
nitrogen (N)-, sulfur (S)- and oxygen (O)- 
containing Lewis base molecules to form 
coordinate covalent bonds (dative bonds) 
that donate electrons to undercoordinated 
Pb atoms at interfaces and GBs has shown 
particular promise for increasing PSC dura- 
bility (27-29). 

Using density functional theory (DFT), we 
saw evidence that P-containing Lewis base 
molecules showed the strongest binding with 
uncoordinated Pb atoms. We thus pursued 
diphosphine-containing molecules, reasoning 
that these would provide additional bind- 
ing and bridging at interfaces and GBs. For 
our experimental studies, we selected 1,3- 
bis(diphenylphosphino)propane (DPPP), a 
diphosphine Lewis base. We found that treat- 
ing perovskites with a small amount of DPPP 
improves PCE and durability: Inverted (p-i-n) 
PSCs after DPPP treatment showed a cham- 
pion PCE of 24.5%. A DPPP-treated PSC with 
an initial PCE of ~23% stabilized at ~23.5% 
after maximum power point tracking (MPPT) 
under continuous simulated AM1.5 illumina- 
tion at ~40°C for >3500 hours. DPPP-stabilized 
PSCs showed no PCE degradation after being 
kept at OC and 85°C conditions for >1500 hours. 


Bonding interactions of Lewis bases 


The P, N, S, and O atoms in Lewis base mole- 
cules donate electrons to the Lewis acid sites 
in perovskites, such as the undercoordinated 
Pb** at perovskite surfaces, in order to form 
coordinate covalent bonds. In general, the 


Lewis basicity, which is inversely propor- 
tional to electronegativity, is expected to deter- 
mine the binding energy and the stabilization 
of interfaces and GBs. We compared binding 
energies of the prototypical Lewis bases tri- 
methylphosphine (TMP), trimethylamine 
(TMA), dimethyl sulfide (DMS), and dimethyl 
ether (DME), with sp® hybridization to the 
surface of formamidinium lead iodide (FAPbI;) 
through DFT calculations (Fig. 1A). The calcu- 
lated binding strength followed the order P > 
N>S>O, indicating that the electronegativity 
rule did not strictly apply—a finding we attrib- 
ute to the remaining lone-pair electrons in 
the case of S and O after binding with perov- 
skites. We also compared frequently reported 
Lewis base molecules with the sp” oxygen in 
the carbonyl groups and took acetone and 
methyl acetate (MeOAc) as examples in Fig. 1A 
(26, 30). The binding energies were similar to 
that of DME. 

Lewis base molecules have mostly been 
used to passivate uncoordinated Pb atoms 
(24, 31-33). A Lewis base molecule with two 
electron-donating atoms can potentially bind 
and bridge interfaces and GBs, offering the po- 
tential to enhance the adhesion and strengthen 
the mechanical toughness of PSCs and provide 
additional benefits related to the durability of 
PSCs. For this reason, we selected DPPP, a 
diphosphine Lewis base molecule, in seeking 
to stabilize and passivate PSCs. As shown in 
Fig. 1B and fig. S1,a DPPP molecule has two 
P atoms with sp” hybridization in tetrahedral 
coordination. The lone-pair electrons occupy 
the missing vertex of the tetrahedron, and 
if donated to Lewis acids (metal cations) to 
form a covalent bond, the fully tetrahedral 
coordination would realize and gain more 
stabilization. 

We calculated the binding of DPPP on the 
surfaces of FAPbI; both with lead(I]) iodide 
(PbIy) and formamidinium iodide (FAI) termi- 
nations. Although DFT calculations predicted 
that the FAI-terminated surface would be more 
stable (34), experimental evidence showed that 
the PbI,-terminated surface is readily formed 
during the solvent treatment from depositing 
subsequent layers (35). DFT calculations also 
showed that DPPP was chemically bonded to 
the PbI,-terminated surface through P-Pb 
bond formation with a binding energy of 
2.24 eV but was weakly bonded to the FAI- 
terminated surface by van der Waals interac- 
tion with a binding energy of 1.09 eV (Fig. 1, C 
and D). Moreover, the calculated binding en- 
ergy of DPPP with perovskites in two ad- 
jacent slabs (3.08 eV) was larger than that 
in the same slab (2.24 eV) (Fig. 1, D and E). 
Similarly, the binding energy of DPPP with 
both the perovskite and NiO, slabs (4.31 eV) 
was larger than that in the same NiO, slab 
(3.28 eV) (Fig. 1F and fig. $2). Thus, DPPP 
was predicted to bind, bridge, and stabilize 
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perovskite GBs and the perovskite/NiO, inter- 
face. DPPP molecules also provided hole trans- 
port channels through the P-terminated alkane 
chain of DPPP (fig. $3). 


Synthesis and structure 

The interaction between DPPP molecules and 
Pb** is observed through the formation of a 
new adduct when a thin layer of DPPP is depos- 


Fig. 1. DFT-calculated DPPP binding with perovskites. (A) Chemical structures of prototypical Lewis 
base molecules. The values shown are the DFT-calculated binding energies (in electron volts) of the Lewis 
base molecule bonded to the FAPbl3 surface with Pbl2 termination. (B) Molecular structure of DPPP. 

The P atom of DPPP donates a lone-pair electron to the metal cation forming a coordinate covalent bond. 
Covalent bonding and van der Waals bonding for DPPP bound on FAPbI3 surfaces with (€) FAI and (D) Pbl» 
terminations, respectively. DPPP binds (E) two perovskite slabs and (F) perovskite and NiO, substrate 
through chemical-bond formation between P and Pb or Ni atoms in a Lewis acid-base reaction. 


Fig. 2. Effects of DPPP on A 


ited on a PbI, layer (fig. S4). When fabricating 
devices, we deposited the FA-based perovskite 
layer on a DPPP-coated NiO, hole transport 
layer. During the growth of perovskite films, 
some DPPP molecules redissolved and segre- 
gated at both the perovskite/NiO, interface 
and the perovskite surface regions, as verified 
by the time-of-flight secondary ion mass spec- 
trometry (TOF-SIMS) depth profiles shown in 
Fig. 2A. X-ray photoelectron spectroscopy (XPS) 
revealed that after DPPP treatment, the core 
levels of the elements in both perovskite and 
NiO, shifted (Pb and Ni XPS spectra in Fig. 2, 
B and C, and the O, C, N, and I spectra in fig. 
S85). The universal shift of core levels caused by 
electrostatic interaction indicates the existence 
of DPPP at both interfaces. The DPPP treat- 
ment also slightly improved the crystallinity of 
perovskite films, as can be seen from the en- 
hancement of grain domain size (fig. S6) and 
x-ray diffraction (XRD) peak intensity (fig. $7). 
DPPP treatment did not change the bandgap of 
the perovskite films (fig. S8). Photoluminescence 
(PL) and time-resolved PL spectroscopy (TRPL) 
spectra (Fig. 2, D and E) showed enhanced PL 
intensity and an ~50% improvement in life- 
time, from 0.98 to 1.49 us, for the DPPP-treated 
perovskite films, consistent with the expected 
reduction in nonradiative recombination and 
defect density upon Lewis base treatment 
(29, 36). We further verified that DPPP treat- 
ment enhanced the mechanical toughness of 
the perovskite/NiO,, interface. Perovskite films 
were deposited on a half-cell structure with and 
without DPPP treatment, protected by a thin 
polymethyl methacrylate (PMMA) layer, and 
adhered to a glass plate with epoxy (see details 
in the supplementary materials and fig. S9). A 
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a DPPP-treated sample 
showing that DPPP molecules 
segregate at both interfaces. 
XPS spectra comparing 

(B) binding energy of Pb-4f 


Intensity (counts) 


Pb4f ,  Ni2p 


Counts (a.u.) 


core levels of control and 
DPPP-treated samples and D 


200 400 
Sputter time (s) 


600 800 1,000 1,200 1400 148 146 144 142 140 


Binding energy (eV) 


1 4 4 n : 4 
136 134 868 864 860 856 852 


Binding energy (eV) 


(C) binding energy of Ni-2p 
core levels of NiO, before 
and after DPPP treatment. 
PL (D) and TRPL (E) spectra 
of control and DPPP-treated 
perovskite films measured 
from the film side. The 
samples were excited with a 


PL intensity (a.u.) 


continuous-wave 633-nm 700 750 
laser at a fluence of 

1.5 x 10” photons em? s7. 
(F) Histogram and standard 


1,000 
— Control > 
—— DPPP treated —~ 
> a 300 
3 S 
cs % 240 
2 5 
@ 1H control, += 0.98 ys sa 
5 —-— DPPP treated, += 1.49 us © 
e€ —— Fitted curves = 120+ 
ner ° 
a — co 
f i 40 i f a 
800 850 900 0.0 0.5 1.0 1.5 2.0 25 Control DPPP treated 
Wavelength (nm) Time (us) 
deviation values of loads at break of 10 sets of control and DPPP-treated samples. a.u., arbitrary units. 
17 February 2023 2 of 5 


Li et al., Science 379, 690-694 (2023) 


RESEARCH | RESEARCH ARTICLE 


A 120,000 Integrated counts 


Control 
Pristine 


Control 
After illumination 


C 120,000 Integrated counts 


DPPP treated 
Pristine 


DPPP treated 
After illumination 


300,000 
lam pristine 
250,000 @8 after illumination 
@ 
Q 200,000 
5 
z 150,000 
x 100,000 
= 
50,000 
% 2%. %. &, ta 
4 2. 2, a 0 
5 0 9 * 005 005 
PL counts 
300,000 
@mm pristine 
250,000 8 after illumination 
o 
Q 200,000 
5 
Z 150,000) 
& 100,000 
= 
50,000 
°0 205, 9, 82.99 8.09 200 0, 29 
“9°09 *%p 09 009°" O05 
PL counts 


Pb4f 


Counts (a.u.) 


148 746 144 742 740 738 736 134 
Binding energy (eV) 


Fig. 3. Characterization of perovskite film stability before and after DPPP treatment. (A to 

D) Hyperspectral PL images and histograms of control and DPPP-treated perovskite films before and 
after light aging. The PL images were taken from the buried interface side, and the PL count at each 
pixel refers to the integrated PL counts over the whole spectrum. (E and F) SEM top-view images taken 
from the buried interface of control and DPPP-treated perovskite films after light soaking. (G@) XPS 
measured from the buried interface of control and DPPP-treated perovskite films after light soaking. 


tensile load was applied to delaminate the films 
using the testing machine shown in fig. S10. 
After delamination, both the NiO, and perov- 
skite surfaces of the NiO,,/perovskite interface 
showed P signals, indicating that DPPP re- 
mained on both surfaces (fig. S11). The tensile 
force recorded during the delamination process 
(Fig. 2F) suggests that DPPP treatment enhanced 
the mechanical strength of the perovskite/NiO, 
interface through the binding of DPPP at the 
interface. 

Hyperspectral PL mapping measured from 
the buried interfaces and PL intensity histo- 
grams (Fig. 3, Ato D) revealed an overall higher 
PL intensity of the DPPP-treated perovskite 
film that was consistent with the longer PL 
lifetimes and indicated reduced defect density 
as compared with the control perovskite films. 
The PL emission heterogeneity increased, 


Li et al., Science 379, 690-694 (2023) 


17 February 2023 


and more dark spots were observed over time 
in the control film after light aging (fig. $12). 
These dark spots showed lower PL emission 
intensity, and we attributed them to the initial 
sites of photodegradation at localized defects 
and local heterogeneities, which were more 
prevalent in the control sample without DPPP. 
PL decay takes place mostly in regions with 
low initial PL counts, whereas PL enhance- 
ment takes place in regions with high initial 
PL counts (fig. S13). This observation proves 
that local PL enhancement or decay in the 
control sample is associated with local defect 
heterogeneities. In comparison, the DPPP- 
treated films exhibited higher uniformity and 
better light stability, with most of the pixels 
showing photo-brightening with increased 
PL counts, rather than photo-decay with de- 
creased PL counts, as was observed for the 


control perovskite film (Fig. 3, B and D, and 
fig. S12). Scanning electron microscopy (SEM) 
images measured from the bottom surface 
show needle-shaped PbI, crystals on the as- 
prepared control film, which is likely caused 
by the excess PbI, added to the precursor 
solution (fig. S14A). The as-prepared DPPP- 
treated film showed distinct layered structures 
(fig. S14B), which we speculated could possi- 
bly be the Lewis acid-base adduct of PbI, and 
DPPP. After aging, the PbI, crystals in the 
control film decomposed and produced pin- 
holes on the grains (Fig. 3E). In contrast, the 
DPPP-treated films exhibited much-suppressed 
degradation (Fig. 3F). Time-resolved mass 
spectroscopy was also conducted on control 
and DPPP-treated films under illumination 
to investigate the degradation process. The 
control sample showed the release of hydro- 
gen iodide (HI) and iodide (I) species (fig. $15), 
which are by-products of the photoinduced 
decomposition and trigger irreversible chem- 
ical chain reactions that accelerate the de- 
composition of perovskites (37, 38). In addition 
to the iodide species, another perovskite de- 
composition by-product, metallic lead (Pbo), 
was also observed on the control film after 
light soaking. The XPS spectrum of the con- 
trol film after light soaking showed two Pbo 
peaks at ~136 and ~141 eV (Fig. 3G), whereas 
no Pbo peaks were observed in DPPP-treated 
film. These results reveal that DPPP treatment 
could effectively suppress the photodecom- 
position at the NiO,,/perovskite interface, likely 
by reducing the density of reactive under- 
coordinated lead sites (halide vacancies) at the 
surface and interfaces. 


Solar cell fabrication and performance 


We fabricated PSCs with the p-i-n configura- 
tion of glass/FTO/NiO,,/Me-4PACz/(with or 
without) DPPP/FAg 95CSo0.05PbI3/PEAI/Cgo/ 
SnO./Ag to show the effect of DPPP treatment 
on improving device performance and stability 
{FTO, fluorine-doped tin oxide; Me-4PACz, [4- 
(3,6-dimethyl-9H-carbazol-9-yl)butyl phosphonic 
acid; PEAI, phenethylammonium iodide}. Note 
that NiO, was treated by a very thin layer of 
Me-4PACz to improve the reproducibility (fig. 
S16). The statistics of our device performance 
results are shown in fig. S17. A small amount 
of DPPP (1 or 2 mg/ml) consistently improved 
the open-circuit voltage (Voc) and fill factor 
(FF) across the comparison of 40 devices. Both 
the improvement in Voc and FF are expected 
to accompany a reduction in surface recombi- 
nation velocity through a reduction in surface 
defects (39), and they are also in qualitative 
agreement with the increase in film PL and PL 
lifetime upon treatment. Higher concentrations 
of DPPP (4 mg/ml) decreased short-circuit 
current density (Jgc) and FF, which may have 
resulted from the overreaction between DPPP 
and perovskites. Figure 4A shows current 
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corresponding control and DPPP-treated devices. (C) MPPT of control and DPPP-treated devices measured 
under continuous 1-sun illumination in an Nz environment at a temperature of ~40°C. (D) Thermal 
stress test of control and DPPP-treated devices aged at 85°C following the ISOS-D-2 protocol. (E) Tracking 
of control and DPPP-treated devices measured at 85°C and under continuous ~0.9-sun illumination 


and OC condition. 


density-voltage (J-V) scans of the champion 
control and DPPP-treated (2 mg/ml) devices 
with 0.1 cm? aperture masks under forward 
and reverse scans. The PCE of the DPPP-treated 
device improved from 22.6 to 24.5%, with Voc 
increasing from ~1.11 to ~1.16 V and FF in- 
creasing from ~79 to ~82% (see detailed device 
parameters in table S1). External quantum 
efficiency (EQE) spectra (Fig. 4B) verified 
the Jgc values obtained from the J-V measure- 
ment. The enhanced EQE at short wavelengths 
also indicates improved carrier extraction at 
the front interface, which may be associated 
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with the passivated interface achieved through 
the use of DPPP. We also fabricated PSCs 
with a larger active area (1.05 cm?) to validate 
the benefits of DPPP treatment. The target 
devices with DPPP treatment also showed 
overall improvement in device parameters 
(fig. S18), with the champion target device 
showing PCEs of 23.9 and 23.6% under re- 
verse and forward scans, respectively (fig. S19 
and table S2). The improvement on FF and 
Voc confirmed the reduction in defect den- 
sity at the NiO,,/perovskite front interface 
after DPPP treatment. 
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For durability tests, we replaced the Ag elec- 
trodes with Cr-Cu alloy to avoid instability 
caused by Ag corrosion and diffusion but slight- 
ly lowered the device efficiency (by ~4:%) (fig. 
S20). We used 0.1 cm? aperture masks for 
solar cells when conducting all the stability 
tests. We first tested the effect of DPPP on 
device stability by MPPT under continuous 
1-sun illumination in an N, environment at a 
temperature of ~40°C. As shown in Fig. 4C, 
the DPPP-treated device exhibited an initial 
PCE of ~23%, which increased to ~23.5% after 
~450 hours and remained unchanged after 
3500 hours. The increased PCE resulted from 
the increased voltage at maximum power point 
(fig. S21). The increased voltage is likely due to 
the light-induced annihilation of halide defects 
(10, 40-43). However, the PCE of the control 
device decreased to <80% of its initial PCE 
after 1000 hours. The film area of the control 
PSC turned dark yellow, indicating the decom- 
position of perovskite to PbI, after 3500 hours 
(fig. S22). In contrast, the film area of the 
DPPP-treated device remained dark, indicat- 
ing a more-stabilized perovskite after DPPP 
treatment. 

We then conducted accelerated durability 
tests at elevated temperatures. We kept the 
PSCs in a dark oven at 85°C and in the ambient 
atmosphere and measured the PCEs periodi- 
cally for the thermal stress test (ISOS-D-2 
protocol). We tested 18 PSCs and summarize 
their statistics in fig. S23. The average PCEs 
and their corresponding standard deviations 
(Fig. 4D) reveal that the DPPP-treated devices 
retain, on average, ~90% of their initial PCE 
after 1500 hours, whereas, in contrast, the 
average PCE of the control devices dropped to 
<90% after 168 hours. 

We conducted a more rigorous accelerated 
durability test under the OC condition and 
continuous ~0.9-sun illumination. The devices 
were kept in an oven at a temperature of 85°C 
and humidity of ~65% and measured every 
208 s. The devices measured at 85°C showed 
slightly lower PCEs, possibly owing to the nega- 
tive temperature coefficient (fig. S24). The PCE 
was stable for the first ~300 hours and then 
slightly increased to ~108% of its initial value 
and showed no degradation after 1500 hours 
(Fig. 4E). However, the control device degraded 
rapidly after 400 hours, dropping to ~80% of 
its initial PCE. Two more DPPP-treated PSCs 
were measured to validate the improved sta- 
bility by DPPP treatment (fig. S25). The photos 
of devices after 1500 hours of illumination are 
shown in fig. S26. The glass-side view of the 
control film turned gray, which was likely the 
result of delamination of the perovskite film 
at the NiO,/perovskite front interface and the 
degradation of the perovskite layer. In con- 
trast, the DPPP-treated device showed partial 
delamination on the edge but remained dark 
over most of the film area. 
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Discussion 


Taking experimental findings together with 
DFT studies, we offer that DPPP molecules 
strengthen the NiO,,/perovskite interface and 
stabilize the perovskite phase. The robust 
binding between the NiO, and perovskite 
enabled by DPPP modification appears to be 
an enabler of the stable operation of PSCs 
under outdoor conditions. The measured sta- 
bility under accelerated testing conditions 
indicates a benefit from DPPP in the form of 
improved device stability and provides ways 
of realizing commercialization of PSCs. 
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A tunable reflector enabling crustaceans to see 


but not be seen 


Keshet Shavit’, Avital Wagner’, Lukas Schertel@°, Viviana Farstey*, Derya Akkaynak*®, Gan Zhang“+, 
Alexander Upcher®, Amir Sagi”®, Venkata Jayasurya Yallapragada®, Johannes Haataja~*, Benjamin A. Palmer’ 


Many oceanic prey animals use transparent bodies to avoid detection. However, conspicuous eye pigments, 
required for vision, compromise the organisms’ ability to remain unseen. We report the discovery of 

a reflector overlying the eye pigments in larval decapod crustaceans and show how it is tuned to render 
the organisms inconspicuous against the background. The ultracompact reflector is constructed from 

a photonic glass of crystalline isoxanthopterin nanospheres. The nanospheres’ size and ordering are 
modulated to tune the reflectance from deep blue to yellow, enabling concealment in different habitats. 
The reflector may also function to enhance the acuity or sensitivity of the minute eyes by acting as an optical 
screen between photoreceptors. This multifunctional reflector offers inspiration for constructing tunable 
artificial photonic materials from biocompatible organic molecules. 


any pelagic animals (such as jellyfish, 

mollusks, and fish) use transparent 

bodies to appear invisible in the ocean 

as a defense against predation (7). How- 

ever, to enable vision, these organisms 
require highly conspicuous eye pigments that 
enhance their risk of being detected (2, 3). 
Transparent organisms have developed inge- 
nious strategies to circumvent this trade-off 
between seeing and not being seen (4), in- 
cluding reducing the size and visibility of eyes 
(5) and retinas (6) or using mirrored irises (7) 
to conceal eye pigments. In addition to pos- 
sessing condensed retinas (6), larval crusta- 
ceans use an alternative strategy: a reflector 
overlying the opaque eye pigments whose col- 
or is matched to the background, providing 
crypsis (2, 3). This reflector produces a charac- 
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teristic eyeshine distinct from the reflectance 
of tapeta lucida displayed by many other orga- 
nisms. The eyeshine phenomenon is present 
in many larval Malacostracans (8-11), but the 
nature of the photonic structure is unknown. 

We show that the eyeshine of larval deca- 
pods is produced by a photonic glass [a disor- 
dered assembly of wavelength-sized, dielectric 
spheres that express resonant scattering be- 
havior (12-14)], constructed from high refrac- 
tive index nanospheres (15, 16). Deep blue to 
yellow-green eyeshine in different species is 
produced by tuning the size of the crystalline 
nanospheres, enabling crypsis in aquatic hab- 
itats with different optical properties. We ob- 
served that some decapod species also change 
their eyeshine color when subjected to different 
light intensities (dark and light adaptation). 


t 200 um 
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This is achieved through a modulation in the 
nanosphere ordering and suggests an ability to 
dynamically match their eyeshine to a chang- 
ing background. The reflector may also function 
to screen cross-talk between adjacent photo- 
receptors, potentially mitigating against the 
visual costs of having extremely small eyes. 
To investigate the eyeshine phenomenon, we 
studied a model species of freshwater prawn, 
Macrobrachium rosenbergii (Fig. 1A), as well as 
larval crustaceans collected from the Gulf of 
Aqaba (Fig. 1, B to I, and supplementary ma- 
terials). The collected prawn, shrimp, lobster, 
stomatopod, and crab larvae have completely 
transparent bodies but exhibit striking blue, 
green, silver, and yellow-green eyeshine (Fig. 1). 


Ultrastructural properties of the reflector 


To determine the structural origin of the eyeshine, 
the brilliant yellow-green eyes of MZ. rosenbergii 
were imaged by means of optical (Fig. 2, A to 
C) and cryogenic scanning electron microscopy 
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Fig. 1. Eyeshine reflectance in larval crustaceans. Polarized light micrographs of decapod and stomatopod larvae. (Insets) Higher-magnification images of the 
eyes. (A) A giant freshwater prawn, M. rosenbergii (development stage; zoea 2) (supplementary materials, materials and methods). (B) Zoea of a brachyuran crab. 
(C and D) Zoeae of caridean shrimp. (E) Zoea of a porcelain crab. (F and G) Stomatopod larvae. (H) Zoea of an axiid shrimp. (I) Phyllosoma of an achelate lobster. 
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Fig. 2. Ultrastructure of the eyeshine reflector in M. rosenbergii larvae. (A to C) Polarizing optical 
micrographs of (A) a live eye (zoea 5), exhibiting yellow-green reflectance; (B) a cross section through a 
fixed eye (zoea 7); and (C) a longitudinal eye section viewed perpendicular to the eye's optic axis (zoea 7). 
Arrowheads indicate projections of the reflective cells extending into the retinal zone. Dashed trace denotes 
the boundary of the cornea. (D to H) Pseudo-colored cryo-SEM micrographs of longitudinal eye sections 
(zoea 4). (D) Low-magnification image of the eye showing the cornea (C; orange), crystalline cone 

(CC; yellow), and retinal zone (RZ; green). The arrow indicates the direction of the incident light. (E) Higher- 
magnification image showing the reflector cell (RC; green), screening pigment cells (P; red), and rhabdoms 
(Rh; blue). Projections of the reflective cells extend down the sides of the rhabdoms and retinal cells. (F) 
Region of interest in (E) showing a reflective cell comprising arrays of nanospheres. (Insets) (Top left) TEM 
and (bottom right) cryo-SEM micrographs of individual core-shell nanospheres that comprise concentric 
lamellae of isoxanthopterin crystal plates (18, 19). The scale is the same in both insets. [(G) and (H)] As 
shown from two different angles, the reflector cells closely envelope the screening pigment, rhabdoms (Rh), 
and retinal cells (Ret). (G) is viewed perpendicular to the eyes optic axis, and (H) is at a more obtuse 
angle that shows the view along the ommatidia. In (H), the smooth, nonvesicular material surrounding the 
rhabdoms, pigment cells, and reflective cells are membranes. The labeling for the various eye structures 

in (C) to (H) was based on the anatomical descriptions provided in (9). 
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(cryo-SEM) (Fig. 2, D to H). Larval decapods 
have apposition eyes, constructed from hex- 
agonal eye units called ommatidia (Fig. 2A) 
(9, 11, 17). The upper part of each ommatidium 
contains a proteinaceous body (the crystalline 
cone) that channels light onto the photorecep- 
tors (Fig. 2, C to E). Polarizing optical micro- 
graphs viewed along the eye’s optic axis 
reveal a highly reflective material at the 
base of the crystalline cones. The reflective 
material is absent from the optical pathway, 
allowing light from the cones to pass to the 
underlying photoreceptors (Fig. 2B). The re- 
flective material also contains projections that 
extend into the retinal zone (Fig. 2C, arrow- 
heads) that comprises the retinal cells, rhabdoms 
[the photoreceptive unit of crustacean eyes (9)], 
screening pigment cells, and nerve connections. 

Cells (fig. S1) at the base of the cones contain 
assemblies of ~400-nm particles (Fig. 2, E and 
F). The particles are composed of crystalline 
isoxanthopterin (figs. S2 and S3) and are 
identical to those in the reflective tapetum of 
adult decapods (18, 19). The extreme refrac- 
tive index ( = 1.96) (18, 19) nanospheres are 
constructed from a spherulitic assembly of 
single-crystal isoxanthopterin plates, arranged 
in lamellae around a hollow core (Fig. 2F, in- 
sets, and fig. S3). The anisotropic orientation 
of refractive indices arising from this spheru- 
litic birefringence enhances scattering effi- 
ciency (J8, 19). Isoxanthopterin particles were 
present in all shrimp (fig. S4) and prawns we 
investigated, but a different reflective material is 
used in stomatopods or crabs (figs. S5 to S7). We 
attribute the eyeshine of M. rosenbergii and the 
marine shrimp to the isoxanthopterin-containing 
cells. The presence of isoxanthopterin in 
both the larval and adult shrimp reflectors 
suggests that the eyeshine reflector may be a 
developmental “precursor” to the adult tape- 
tum (fig. S8) (9). Thus, a single material fulfills 
two distinct optical functions during develop- 
ment according to the changing visual ecology 
of the organism: the requirement for crypsis in 
larvae and dim light vision in adults (17). 

On the dorsal side of the eye, the reflective 
cells form a reflective sheath around the ab- 
sorbing pigment cells, effectively shielding them 
from view (Fig. 2, E, G, and H, and fig. S4). 
Conversely, the ventral side of the eye appears 
dark because the absorbing pigment lies 
on top of the reflective cells (fig. S9). Because 
larvae swim upside-down (9), the dorsal-lying 
reflective cells point downward, countershad- 
ing the conspicuous eye pigments when viewed 
from below (9). The elongated projections of 
the reflective cells seen in optical micrographs 
(Fig. 2C) form a separation between adjacent 
rhabdoms (Fig. 2, E, G, and H) (9). The cellular 
extensions that interdigitate the rhabdoms are 
found in both the dorsal and ventral sides. This 
suggests that the reflective cells may serve a 
secondary function that directly enhances 
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Fig. 3. The reflectance and 
structural properties of 
reflective cells in different 
shrimp and prawn larvae. 
Column | shows cryo-SEM 
images of single nanoparticles 
from a reflector cell. Column II 
shows representative cryo-SEM 
images of the reflector cells. 
White arrows indicate incident 
light direction. Column Ill shows 
the reflectance spectra from 
the eyes. Pastel shading indi- 
cates +SD of the average 
reflectance across numerous 
specimens in the same color 
group (table S1). (Insets) 
Polarizing optical micrographs 
of the eyes. Scale bar, 50 um 
and applies to all insets in 
column Ill. (A to ©) Zoeae of 
different species of caridean 
shrimp from the Gulf of Aqaba. 
(D) Dark-adapted (DA) 

M. rosenbergii (zoea 6). (E) Light- 
adapted (LA) M. rosenbergii. 
Average particle sizes for the 
color groups are (A) blue, 

247 nm (+7 nm, number of 
particles measured N = 398); 
(B) turquoise, 269 nm (+ 15 nm, 
N = 400); (C) silvery blue, 

324 nm (+ 14 nm, N = 338); and 
(D) and (E) yellow-green 

(M. rosenbergii), DA, 398 nm 
(+30 nm, N = 179), and LA, 
401 nm (427 nm, N = 48). 
Average 2D filling fractions of 
the color groups are (A) blue, 
57% (+ 6%); (B) turquoise, 
64% (+ 5%); (C) silvery blue, 
63% (+ 7%); and (D) and (E) 
yellow-green (M. rosenbergil), DA, 
63 + 9%, and LA, 64 + 5%. 
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vision—either as an additional screen between 
photoreceptors (20) to improve acuity or as a 
lateral tapetum-like structure that improves 
sensitivity during activity in dim light environ- 
ments (27). 


Correlation between the eyeshine color 
and nanosphere size 


To rationalize the variation in eyeshine colors 
in the various shrimp and prawn species, we 
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performed correlative cryo-SEM-reflectance 
measurements (Fig. 3). The eyeshine reflec- 
tance was measured and the shrimp grouped 
according to the position and shape of their 
reflectance peak(s). Four groups were assigned: 
(i) blue, exhibiting a narrow reflectance max- 
imum around 450 nm (Fig. 3A); (ii) turquoise, 
exhibiting a broad reflectance band with max- 
imum at 400 to 500 nm (Fig. 3B); (iii) silvery 
blue, exhibiting broadband reflectance with 
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minor peaks at ~410 and ~600 nm (Fig. 3C); and 
(iv) yellow-green, exhibiting a broad reflectance 
maximum from 500 to 700 nm (M. rosenbergii) 
(Fig. 3, D and E). Cryo-SEM images of the re- 
flective cells in the different groups revealed 
a clear correlation between the eyeshine color 
and the size of the component nanospheres. 
The reflectance shifted to longer wavelengths 
as the nanosphere diameter increased from 
~250 nm in blue-eyed shrimp to ~400 nm in 
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the yellow-green M. rosenbergii (Fig. 3, A to 
E, and table S1). 


Adaptation of the eyeshine reflector 
to camouflage in different habitats 


These eyeshine colors appear to be well adapted 
to the background habitats of the different or- 
ganisms. Larval marine shrimp exhibit blue 
to silvery blue eyeshine reflectance. The cal- 
culated eyeshine radiance of these organisms 
spectrally matches with the water radiance of 
the clear blue waters of the Gulf of Aqaba at 
different depths (Fig. 3, A to C, and figs. S10 to 
S15). Moreover, M. rosenbergti, Macrobrachium 
amazonicum (10), and Palaemonetes pugio (9), 
which inhabit estuaries [characterized by high 
organic content and turbid yellow water (22)], 
possess yellow-green eyeshine reflectance (Fig. 3, 
D and £, and fig. S16). 

Feller and Cronin found (3) that the blue- 
green eyeshine of stomatopods was well matched 
to deeper depths in their marine environment 
and that depth was the key determinant in the 
visibility of the eyes. In our experiments, the 
marine shrimp shown in Fig. 3 were collected 
at night from shallow water (10 to 25 m), 
where they migrate from depth to feed (23). 
During the day, decapod larvae migrate to 
deeper depths to avoid predation from visual 
predators (23, 24). In accordance with Feller 
and Cronin, our data suggest that the eyeshine 
of the marine shrimp can provide crypsis against 
the background of their daytime habitats at 
various depths (fig. S10 to S15). 


Simulating the optical properties 
of the eyeshine reflector 


To elucidate the optical mechanism underly- 
ing the eyeshine, we note that the upper limit 
(supplemenatry materials, materials and meth- 
ods) of the two-dimensional (2D) particle filling 
fraction in the reflective cells was typically 
(Fig. 3 and fig. S4) between 50 and 70% (Fig. 3, 
column II), which is much lower than that of a 
close-packed photonic crystal (25). The nano- 
spheres thus lack long-range periodicity but 
display the short-range positional ordering of 
a photonic glass structure. The scattering of 
photonic glasses is determined by an interplay 
between (i) the scattering properties of single 
particles (the form factor, F) and (ii) correlative 
scattering by particle ensembles (the structure 
factor, S) (Fig. 4A) (26). The absence of strong 
resonant peaks in form factor calculations 
indicates that single-particle scattering does 
not contribute appreciably to the optical re- 
sponse (Fig. 4, A and B). Conversely, strong 
structural peaks in the visible and infrared 
(IR) spectra in structure factor calculations may 
explain the experimental reflectance (Fig. 4C). 
We used molecular dynamics (MD) simulations 
to generate photonic glasses with particle sizes 
akin to those in the eyes and with a variety of 
filling fractions and structures (Fig. 4 and figs. 
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S17 and S18). We simulated reflectance spectra 
using the finite-difference time domain (FDTD) 
technique (78, 27) for each observed parti- 
cle size (Fig. 4D and figs. S17 and S18). The 


simulated spectra reveal major peaks in the 
visible and IR (Fig. 4D), corresponding to the 
second- and first-order structural peaks pre- 
dicted with numerical calculations, respectively 
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Fig. 4. Optical modeling of the eyeshine phenomena. 


(A) A schematic of the form F(8) and structure factor 


S(®) contributions to the scattering of a photonic glass. (B) Total (solid trace) and backscattering (dotted trace) 
cross sections for a spherical particle found in M. rosenbergii (diameter, 395 nm; refractive indices of particle and 
medium, respectively, Nparticle = 1.96, Nmedium = 1.33) calculated with Mie theory (34). No resonance peak in the visible 
spectrum is observed in the total scattering in contrast to the experimental reflectance (Fig. 3). The backscattering 
spectra exhibits a low-intensity peak in the visible spectrum, which is much broader than in the experimental 
spectra. (€) Percus-Yevick structure factor (35) for the experimentally observed particle sizes with a 3D filling 


fraction of 50%, by using the Garnett effective refractive in 
peak is in the red and IR, whereas a second-order peak lies 


dex for the system (36). The first-order structural 
in the visible spectrum. (D) MD and FDTD simulations 


of 2- by 5- by 5-um photonic glass slabs by using a lower-bound estimate (37.5%) of the 3D filling fraction. 
(Left) Simulated spectra of solid (n = 1.74), hollow (n = 1.74), and hollow-birefringent particles (n = 1.96) for the 
four experimentally observed particle sizes. (Right) Snapshot of the MD-simulated particle configurations. For 


the 395-nm particle, a composite image is shown for rapid 
green) states, simulating the dark-light adaption observed i 
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(Fig. 4C). The position of the visible peak 
correlates with the experimental reflectance 
and red-shifts with increasing particle size 
(Fig. 4D and fig. S19). Simulations using hol- 
low and hollow-birefringent spheres led to an 
enhancement in the intensity of the visible 
peak and a suppression of the IR peak com- 
pared with those of solid isotropic particles. 
Although the IR reflectance is unlikely to be 
biologically relevant, particle hollowness and 
birefringence are seemingly used as a means 
of enhancing scattering efficiency in the visi- 
ble spectrum. The increased intensity of the 
birefringent nanospheres is likely due to their 
higher refractive index (nm = 1.96), resulting 
from the anisotropic alignment of the com- 
ponent refractive indices in the spheres (78). The 
reflectance intensities obtained from simula- 
tions are lower than the experimental spec- 
tra (Fig. 3) because of the small size of the 
computed photonic glasses (fig. S20) and ex- 
perimental factors (such as specular reflection). 

Further evidence for the role of structural 
correlations in the optical response came from the 
observation that the eyeshine of M. rosenbergii 
changes reversibly in different light conditions. 
Dark-adapted (DA) larvae have green eyeshine, 
with a large reflectance peak at ~560 nm (Fig. 
3D). Upon light adaptation, the peak broadens, 
resulting in silvery yellow eyeshine (Fig. 3E). 
This dynamically changing eyeshine indicates 
that M. rosenbergii may spectrally match its 
eyeshine appearance to a temporally chang- 
ing background, which may be relevant during 
diel vertical migrations (fig. S16) (23). Cryo-SEM 
imaging shows that the particle size, filling 
fraction, and absorbing pigment distribution 
in DA and light-adapted (LA) eyes are constant 
(fig. S21 and table S1). However, upon dark adap- 
tation, spatial correlations in the particle ar- 
rangement emerge, which is manifest in the 
presence of disordered multilayers consist- 
ing of three to five layers of particles (Fig. 3D 
and fig. S21). 

To rationalize the light-dark adaptation be- 
havior, MD simulations were performed in 
which the 395-nm particles were allowed to 
equilibrate during a slow quench to achieve a 
more well-ordered particle packing (Fig. 4D 
and fig. S22). In comparison with the normal 
glassy state, simulations that used hollow and 
hollow-birefringent spheres in this configura- 
tion led to an emergence of a reflectance peak 
around 550 to 600 nm, resembling the changes 
in DA and LA ™/. rosenbergii (Fig. 3, D and E). 
The position of this peak aligns with that of 
an ordered face-centered cubic lattice of such 
particles, suggesting the structural origin of 
this reflectance peak. In general, the simu- 
lated spectra exhibit narrower peaks than the 
experimental ones because the latter represent 
the convoluted optical response from multiple 
cells encompassed in the illumination volume 
(an average over variations in filling fraction, 
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sample thickness, degree of disorder, and par- 
ticle polydispersity). 


Discussion 


Our results show that decapod eyeshine re- 
flectance is generated by a photonic glass 
constructed from crystalline isoxanthopterin 
nanospheres, whose location overlying the 
screening pigments is consistent with a cam- 
ouflage function (3). Reflectors are widely used 
in animal eyes, and their function depends on 
their location, nanostructure, and composi- 
tion (28). Concave and radial mirrors form 
images in scallop (29) and decapod crustacean 
eyes (17, 19), respectively, and in many orga- 
nisms, tapetal reflectors enhance sensitivity 
by back-scattering light to the photoreceptors 
(17). Mirrored irises in fish prevent unfocused 
light entering the eye to preserve visual acuity 
(7). Reflectors in the cornea of insects (30) or 
embedded within the photoreceptors of crus- 
taceans (21) spectrally filter light impinging on 
the retinas. Ocular reflectors can also perform 
nonvisual functions. For example, basally lo- 
cated stratum argenteum reflectors in fish 
eyes enhance camouflage by reducing the vis- 
ibility of the pupil (37). 

A distinguishing feature of the eyeshine re- 
flector described here is its tunability and com- 
pactness. Across different larval shrimp and 
prawn species, the eyeshine color is modulated 
by tuning the size of the isoxanthopterin nano- 
spheres in the photonic glass. Within a single 
species, eyeshine color can be changed by tun- 
ing the particle ordering. Feller and Cronin 
predicted (3) that because larval crustacean 
eyes are minute, the underlying photonic struc- 
ture must be ultracompact and efficient, un- 
like the disordered multilayer reflectors of fish 
scales (32), which occupy space unavailable 
in the larval eyes. However, the most efficient 
photonic structures—ordered quarter-wave 
stacks and photonic crystals (25)—produce 
iridescence (25), meaning that the color would 
vary with viewing angle, which is not usually (33) 
advantageous for crypsis. The use of a photonic 
glass, comprising high-index isoxanthopterin 
particles, enables efficient, angle-independent 
colors to be produced, simultaneously fulfill- 
ing the demands of crypsis (from all angles) 
and compactness. There is a strong selective 
pressure for transparent prey animals to re- 
duce the size and visibility of their eyes (5, 6). 
However, small eyes have lower resolution, and 
thus there is an intrinsic trade-off between 
the visibility of the eyes and the ability to see 
(3). The presence of reflective cell projections 
between the rhabdoms suggests that the eye- 
shine reflector may also function to screen 
adjacent photoreceptors (20). The enhanced 
screening efficiency provided by a reflective 
material (compared with an absorbing screen- 
ing pigment) may enable the rhabdoms to be 
more tightly packed, mitigating against the 
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cost to visual acuity of having minute eyes. 
Our studies elucidate design strategies for 
tuning the properties of biocompatible optical 
materials: by controlling the size, ordering, 
hollowness, and birefringence of the compo- 
nent particles. 
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Psychedelics promote neuroplasticity through 
the activation of intracellular 5-HT2A receptors 


Maxemiliano V. Vargas‘, Lee E. Dunlap?*+, Chunyang Dong*}, Samuel J. Carter”, 
Robert J. Tombari~?, Shekib A. Jami°, Lindsay P. Cameron’, Seona D. Patel®, Joseph J. Hennessey®, 
Hannah N. Saeger’, John D. McCorvy®, John A. Gray”®*, Lin Tian?>°, David E. Olson?359* 


Decreased dendritic spine density in the cortex is a hallmark of several neuropsychiatric diseases, 
and the ability to promote cortical neuron growth has been hypothesized to underlie the rapid 

and sustained therapeutic effects of psychedelics. Activation of 5-hydroxytryptamine (serotonin) 2A 
receptors (5-HT2ARs) is essential for psychedelic-induced cortical plasticity, but it is currently unclear 

why some 5-HT2AR agonists promote neuroplasticity, whereas others do not. We used molecular and 
genetic tools to demonstrate that intracellular 5-HT2ARs mediate the plasticity-promoting properties of 
psychedelics; these results explain why serotonin does not engage similar plasticity mechanisms. This 
work emphasizes the role of location bias in 5-HT2AR signaling, identifies intracellular 5-HT2ARs as a 
therapeutic target, and raises the intriguing possibility that serotonin might not be the endogenous 


ligand for intracellular 5-HT2ARs in the cortex. 


ysregulation of the cortex has been hy- 
pothesized to play an important role in 

the pathophysiology of mental illnesses 

such as depression and often manifests 

as structural changes, including decreased 
dendritic arbor complexity and reduced den- 
dritic spine density (7-3). Traditional antide- 
pressants, such as selective serotonin reuptake 
inhibitors (SSRIs), can rescue these deficits 
after chronic treatment, although it seems that 
their effects may be independent of serotonin 
and perhaps involve the activation of tropomyosin 
receptor kinase B (TrkB) signaling (4, 5). A class of 
therapeutic compounds known as psychoplasto- 
gens (6) are differentiated from SSRIs by their 
ability to produce both rapid and sustained ef- 
fects on structural plasticity and behavior after a 
single administration (7). Psychoplastogens in- 
clude both ketamine and serotonergic psychedel- 
ics, although their primary targets are distinct (7). 
Psychedelics are 5-hydroxytryptamine (sero- 
tonin) 2A receptor (5-HT2AR) agonists that can 
lead to profound changes in perception, cogni- 
tion, and mood (8). Recent evidence suggests 
that they promote cortical structural and func- 
tional neuroplasticity through activation of 
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5-HT2ARs (9, 10). The mechanism by which 
5-HT2AR activation leads to changes in neu- 
ronal growth is still poorly defined, although it 
appears to involve TrkB, mechanistic target of 
rapamycin (mTOR), and AMPA receptor signal- 
ing (7). It is currently unclear why some 5-HT2AR 
ligands can promote neuroplasticity and pro- 
duce sustained therapeutic behavioral responses 
in the absence of hallucinogenic effects, where- 
as other 5-HT2AR agonists do not promote 
plasticity at all (12-75). Indeed, serotonin itself 
does not produce psychedelic-like effects on 
neuronal growth when administered to corti- 
cal cultures (9). This enigmatic finding can- 
not be easily explained by traditional biased 
agonism because serotonin is a balanced agonist 
of the 5-HT2AR that exhibits high potency and 
efficacy for activating both heteromeric guanine 
nucleotide-binding protein (G protein) and 
B-arrestin pathways (6, 17). 

Unlike psychedelics, the physicochemical 
properties of serotonin prevent it from enter- 
ing cells by passively diffusing across nonpolar 
membranes (8). Thus, we reasoned that an- 
other form of functional selectivity, known 
as location bias, might explain the difference 
in cellular signaling elicited by serotonin and 
psychedelics (18, 19). Here, we leveraged both 
chemical design and genetic manipulation 
to test the hypothesis that activation of an 
intracellular population of 5-HT2ARs is nec- 
essary for 5-HT2AR ligands to induce cortical 
structural plasticity and produce antidepressant- 
like behavioral responses. 


Lipophilicity correlates with psychoplastogenicity 
To firmly establish the role of 5-HT2AR activ- 
ation in psychedelic-induced spinogenesis, we 
administered 5-methoxy-N,N-dimethyltryptamine 
(5-MeO) to wild-type (WT) and 5-HT2AR knock- 
out (KO) mice (20) and assessed structural and 
functional changes in layer 5 pyramidal neurons 
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of the prefrontal cortex (PFC) 24 hours later 
(fig. S1, A to C). Golgi-Cox staining revealed 
that 5-MeO increased spine density in both 
male and female animals, and this effect was 
absent in 5-HT2AR KO mice (fig. S1, A and B). 
Furthermore, ex vivo electrophysiology con- 
firmed that 5-HT2AR activation is necessary 
for 5-MeO to produce sustained increases in 
both the frequency and amplitude of sponta- 
neous excitatory postsynaptic currents (SEPSCs) 
(fig. SIC). 

Next, we determined how the structures of 
5-HT2AR ligands affect their abilities to pro- 
mote neuronal growth by treating embryonic 
rat cortical neurons with serotonin, tryptamine 
(TRY), 5-methoxytryptamine (5-MeO-TRY), and 
their corresponding N-methyl and N,N-dimethyl 
congeners (Fig. 1A) before assessing neuronal 
morphology by means of Sholl analysis (22). 
Ketamine was used as a positive control be- 
cause of its known ability to induce structural 
plasticity in this assay (9). These structure- 
activity relationship (SAR) studies revealed 
that increasing N-methylation led to an en- 
hanced ability to promote neuronal growth, 
with the N,N-dimethyl compounds increasing 
dendritic arbor complexity to the greatest ex- 
tent (Fig. 1, B to D). 

Increasing N-methylation is known to affect 
the efficacy of 5-HT2AR signaling, so we at- 
tempted to correlate psychoplastogenic effi- 
cacy across a range of 5-HT2AR ligands with 
efficacy in a traditional [?H]-inositol phosphates 
(IP) accumulation assay (Fig. 1E) (22). Notably, 
we did not observe a positive correlation be- 
tween psychoplastogenic effects and ligand 
efficacy. Indeed, there seemed to be a non- 
significant inverse correlation between [?H]-IP 
accumulation and dendritogenesis efficacy 
(Fig. 1E). To avoid potential issues associated 
with the amplification of secondary messengers, 
we used psychLight2, a fluorescent biosensor 
that is capable of directly detecting changes in 
5-HT2AR conformation (/4). PsychLight2 effi- 
cacy closely mirrored that observed by using 
[°H]-IP accumulation assays, although psy- 
chLight2 efficacy exhibited an even stronger 
anticorrelation with dendritogenesis efficacy 
(P = 0.06) (Fig. IF). Lastly, we used biolumines- 
cence resonance energy transfer (BRET) assays 
to directly measure G, activation or B-arrestin-2 
recruitment (fig. S2) (23). Both measures of 
5-HT2AR efficacy exhibited a strong negative 
correlation with psychoplastogenicity (Fig. 1, 
G and H). Moreover, both Gy activation and 
B-arrestin recruitment correlated well with 
psychLight efficacy [coefficient of determina- 
tion (R”) = 0.9; P < 0.0001 and P = 0.0006, re- 
spectively] (Fig. 11). Negative correlation between 
5-HT2AR efficacy and psychoplastogenicity 
should be interpreted with caution because 
this relationship may only apply to tryptamine- 
based ligands or compounds that exhibit a 
threshold level of 5-HT2AR activation. 
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Nitrogen methylation of 5-HT2AR ligands 
structurally related to serotonin is known to 
result in partial agonism (22), but it also has 
a profound effect on their physicochemical 
properties. These compounds display a wide 
range of lipophilicities that ranged from 
highly polar molecules such as serotonin to 
relatively nonpolar compounds such as N,N- 
dimethyltryptamine (DMT). Using calculated 
LogP (cLogP) values, we observed a significant 
positive correlation with psychoplastogenic 
effects—more lipophilic agonists exhibited 
greater abilities to promote structural plas- 
ticity than polar compounds (Fig. 1J). This 
relationship was evident within the TRY, 
serotonin, and 5-MeO-TRY scaffolds. The find- 
ing that lipophilicity was a better predictor 
of psychoplastogenicity than 5-HT2AR activa- 
tion led us to hypothesize that an intracellular 
pool of 5-HT2ARs in cortical neurons might 
be responsible for psychedelic-induced neu- 
ronal growth. 


Primary localization of 5-HT2ARs in cortical 
neurons is intracellular 


Although most G protein-coupled receptors 
(GPCRs) are believed to be localized primarily to 
the plasma membrane, several exhibit substan- 
tial intracellular localization (24-27). In vitro 
and ex vivo experiments have also established 
the existence of large intracellular pools of 5- 
HT2ARs in various cell types in the absence of 
a ligand (28-31). To compare 5-HT2AR local- 
ization patterns between cell types, we expressed 
a Myc-5-HT2AR-enhanced cyan fluorescent 
protein (ECFP) construct in both human em- 
bryonic kidney 293T (HEK293T) cells and cor- 
tical neurons, performed live-cell imaging, and 
assessed colocalization with a membrane dye 
(Cellbrite Steady) that labels the extracellular 
side of the plasma membrane. Because over- 
expression of tagged receptor constructs might 
alter trafficking and localization, we included 
several controls. We used a 82 adrenergic re- 
ceptor tagged with ECFP (B2AR-ECFP) as a 
GPCR that is canonically described as being 
plasma membrane bound, and we used an 
ECFP construct to establish the localization of 
a fluorescent protein that is not tagged to a 
GPCR (32, 33). 

When expressed in HEK293T cells that were 
cultured in the absence of serum, 5-HT2ARs 
and B2ARs exhibited similar cellular expres- 
sion patterns (Fig. 2A) and possessed correla- 
tion coefficients with the plasma membrane 
marker that were not statistically different 
(Fig. 2B). However, these two GPCRs displayed 
distinct localization patterns in neurons. In 
cortical neurons, B2AR expression was more 
highly correlated with the plasma membrane 
marker than was 5-HT2AR expression (Fig. 
2B), which demonstrates that overexpression 
of a GPCR in cortical neurons does not nec- 
essarily lead to intracellular localization. The 
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extent of overexpression was similar for 5- 
HT2ARs and B2ARs in both HEK293T cells 
and cortical neurons (fig. S3A). We performed 
these localization experiments without serum 
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in the culturing media because serum contains 
serotonin, which can lead to agonist-induced 
changes in trafficking and localization (fig. $3, 
B and C). In both neurons and HEK293T cells, 
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Fig. 1. Compound-induced neuronal growth correlates with ligand lipophilicity. (A) Chemical structures of 
serotonin, TRY, and 5-MeOQ-TRY as well as their corresponding N-methyl and N,N-dimethyl analogs. 5-HT, 
serotonin; BUF, bufotenin; Me, methyl; N-Me-5-HT, N-methylserotonin; NMT, N-methyltryptamine. (B) Sholl 
analysis demonstrates that increasing N-methylation leads to a concomitant increase in dendritic arbor complexity. 
The shaded area represents 95% confidence intervals. Sholl plots were generated from rat embryonic cortical 


neurons (DIV6) treated with compounds (10 p 


). VEH, vehicle. (C) Maximum numbers of crossings (Nmax) of the 


Sholl plots in (B) (N = 45 to 64 neurons per treatment). Error bars represent standard error of the mean. KET, 
ketamine. (D) Widefield images of rat embryonic cortical neurons (DIV6) treated with compounds (10 uM). (E to 
J) Correlation plots of Sholl analysis percent efficacy (Nia, Values relative to 10 uM ketamine as the positive control) 


versus [PH]- 


P accumulation (E), activation of psychLight2 (F), Gg activation (G), B-arrestin recruitment (H), or 


calculated LogP (J). PsychLight2 activation correlates well with both Gg activation and B-arrestin recruitment (1). 


Compounds were treated at 10 


_ Data for [HIP accumulation were obtained from literature values (22). 


*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as compared with VEH controls [one-way analysis of 
variance (ANOVA) followed by Dunnett's multiple comparisons test]. R® values were calculated through simple liner 
regression. AF/F, change in fluorescence intensity relative to the baseline fluorescence intensity; Emax, maximum effect. 
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Fig. 2. Cortical neurons express intracellular 5-HT2A receptors. (A) Live-cell images of HEK293T cells 
and rat embryonic cortical neurons (DIV6) expressing Myc-5-HT2AR-CFP, B2AR-ECFP, or ECFP. Signals 
from the fluorescent protein and fluorescent plasma membrane marker (Cellbrite Steady) are shown in cyan 
and white, respectively. The expression patterns of 5-HT2ARs and B2ARs are comparable in HEK293T 
cells. However, in neurons, B2ARs exhibit higher expression on the plasma membrane than 5-HT2ARs. 

The expression of ECFP is diffuse in both HEK293T cells and cortical neurons. (B) Pearson's correlation 


coefficients (Pearson's CCs) and 


anders’ colocalization coefficients (Manders’ CCs) quantify the extent of 


colocalization between MYC-5-HT2AR-CFP, B2AR-ECFP, or ECFP and the fluorescent plasma membrane 
marker (N = 20 to 43 cells per group). Error bars represent standard error of the mean. ns is not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; bars indicate comparisons between data (one-way 


ANOVA followed by Tukey's multiple comparisons test). 


the expression patterns of the tagged GPCRs 
were markedly distinct from ECFP, which con- 
firms that the GPCR component of the con- 
structs dictates cellular localization. Expression 
of a FLAG-5-HT2AR construct in rat cortical 
neurons produced a similar intracellular local- 
ization pattern, which suggests that these tags 
do not substantially alter the localization pat- 
terns of the 5-HT2AR (34). 

Bright punctate staining within neurons sug- 
gested that 5-HT2ARs were localized within 
intracellular compartments (Fig. 2A), so we 
performed additional immunocytochemistry 
experiments to assess the overlap with mark- 
ers of various subcellular organelles (fig. S4). 
We observed a high level of 5-HT2AR colocal- 
ization with Rab5 and Rab7 in both HEK293T 
cells and neurons. Ras-related guanosine tri- 
phosphatases (GTPases) of the Rab family are 
known to regulate intracellular transport of 
GPCRs (35). We observed a very large differ- 
ence in 5-HT2AR colocalization with the Golgi 
apparatus between neurons and HEK293T 
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cells, with the former exhibiting substantially 
higher correlation coefficients (fig. S4). The 
Golgi apparatus is a key regulator of GPCR 
signaling, and ligands can either passively 
diffuse into Golgi-localized receptor pools or 
gain access by facilitated transmembrane trans- 
port (8, 36, 37). Signaling from within the 
Golgi can be distinct, as is the case for opioid 
receptors (38). 

To ensure that high 5-HT2AR colocalization 
with the Golgi was not an artifact of overex- 
pression, we assessed native 5-HT2AR expres- 
sion in neurons using one of the few validated 
5-HT2AR antibodies (30). To confirm the anti- 
body’s specificity, we performed in-house vali- 
dation by overexpressing 5-HT2ARs in HEK293T 
cells (fig. S5A) and we used mouse 5-HT2AR 
KO cortical neurons (fig. S5B). Next, we imaged 
rat embryonic cortical neurons that expressed 
only native 5-HT2ARs or overexpressed a Myc- 
5-HT2AR-ECFP construct. Longitudinal and 
transverse line scans indicated that Myc-5- 
HT2AR-ECFP expression closely mirrored the 
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native localization pattern of 5-HT2ARs (fig. 
S5, C and D). 


Membrane permeability is required 
for psychedelic-induced neuroplasticity 


Given that cortical neurons have a large pool 
of intracellular 5-HT2ARs, we next used chem- 
ical tools to determine whether activation of 
this intracellular population was essential for 
psychedelics to promote structural neuroplas- 
ticity. Chemical modification of the membrane- 
permeable ligands DMT, psilocin (PSD, and 
ketanserin (KTSN) converted them into highly 
charged membrane-impermeable congeners 
N,N,N-trimethyltryptamine (TMT), psilocybin 
(PSY), and methylated ketanserin (MKTSN), 
respectively (Fig. 3A). All of the charged species 
exhibited negative cLogP scores (fig. S6A) but 
retained affinity for 5-HT2ARs, as determined by 
radioligand competition binding experiments 
(fig. S6B). In psychLight2 assays, the membrane- 
impermeable analogs displayed comparable 
efficacies to their uncharged parent molecules 
with reduced potencies (fig. S6, C and D). 

Next, we treated freshly dissected rat embry- 
onic cortical neurons with DMT (1 uM) and PSI 
(1 uM) as well as their membrane-impermeable 
congeners in the presence and absence of elec- 
troporation. Electroporation creates tempo- 
rary openings in the plasma membrane, which 
enables highly charged molecules to pass 
through and access the intracellular space. 
Although the membrane-permeable 5-HT2AR 
agonists were able to promote dendritogenesis 
regardless of whether electroporation was 
applied, the membrane-impermeable com- 
pounds could only promote neuronal growth 
when applied with electroporation (Fig. 3, B 
and C). Similarly, the membrane-permeable 
5-HT2AR antagonist KTSN (treated in 10-fold 
excess at 10 uM) blocked DMT-induced plas- 
ticity both with and without electroporation; 
however, the membrane-impermeable antag- 
onist MKTSN (10 uM) could only block DMT- 
induced neuronal growth when it was applied 
with electroporation (Fig. 3, B and C). By using 
more mature neurons (DIV15), we demonstrated 
that the membrane-permeable 5-HT2AR ago- 
nists increased dendritic spine density—another 
measure of structural neural plasticity—whereas 
the membrane-impermeable agonists did not 
(Fig. 3, D and E). KTSN was able to inhibit the 
effects of DMT and PSI on dendritic spine den- 
sity, whereas MKTSN was not (fig. S7). 

To further establish that membrane-permeable 
and -impermeable ligands target different 
populations of 5-HT2ARs, we performed an 
experiment in HEK293T cells that express 
psychLightl. The psychLight1 construct was 
chosen over psychLight2 because the former 
lacks an endoplasmic reticulum (ER) export 
sequence, which results in greater intracel- 
lular localization (/4). PsychLight1-expressing 
HEK293T cells were pretreated with either 
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Fig. 3. Intracellular 5-HT2ARs mediate structural plasticity induced by serotonergic psychoplastogens. 
(A) Structures of membrane-permeable (blue) and impermeable (red) compounds. (B) Widefield images 

of rat embryonic cortical neurons (DIV6) that were administered compounds with (+) and without (-) 
electroporation. (©) Nmax values obtained from Sholl plots. Membrane-impermeable analogs of 
psychedelics (1 uM) only promote growth when administered with electroporation (N = 35 to 110 neurons 
per treatment). Unlike KTSN (10 uM), MKTSN (10 uM) only blocks psychedelic-induced plasticity when 
administered with electroporation (N = 45 to 109 neurons per treatment). (D) Membrane-impermeable 
agonists of 5-HT2ARs (1 uM) cannot promote spinogenesis in cultured embryonic rat cortical neurons 
(DIV15) (N = 30 to 34 neurons per treatment). (E) Confocal images of treated cortical neurons (DIV15). 
(F) HEK293T cells that expressed psychLightl were pretreated with VEH or MKTSN (10 uM) before the 
administration of serotonin (10 uM) or 5-MeO-DMT (10 uM) (N = 41 to 54 cells per treatment). Error bars 
in (C) and (F) represent standard error of the mean. *p < 0.05, **p < 0.01, and ****p < 0.0001, as 
compared with VEH controls in (D) and (C) (one-way ANOVA followed by Dunnett’s multiple comparisons test) 
or between indicated pairs of data in (F) (two-way ANOVA followed by Sidak's multiple comparisons test). 
For box-and-whisker plots in (D), the center line represents the median, box limits are upper and lower quartiles, 
and whiskers are minimum and maximum values. 


vehicle or MKTSN to selectively antagonize 
the population of 5-HT2ARs that were ex- 
pressed on the plasma membrane. Next, changes 
in psychLight1 fluorescence were measured after 
administration of the membrane-impermeable 
ligand serotonin or its membrane-permeable 
congener 5-MeO-DMT. Because serotonin is 
a full agonist, it induced a stronger response 
in the absence of antagonist compared with 
the partial agonist 5-MeO-DMT. Pretreatment 
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with MKTSN resulted in a much larger re- 
duction in the serotonin-induced psychLight1 
signal compared with that induced by 5-MeO- 
DMT (Fig. 3F). Pretreatment with MKTSN 
could nearly fully antagonize the effect of 
serotonin. In sharp contrast, MKTSN only par- 
tially blocked the ability of 5-MeO-DMT to 
turn on psychLightl fluorescence. 

Because serotonin and 5-MeO-DMT exhibit 
different lipophilicities (cLogP values of 0.57 
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and 2.33, respectively), we reasoned that their 
abilities to displace [*H]-p-lysergic acid diethyl- 
amide (LSD) bound to the 5-HT2AR would de- 
pend on whether those receptors were exposed 
to the extracellular environment. Thus, we per- 
formed radioligand competition binding ex- 
periments using intact HEK293T cells that 
expressed Myc-5-HT2AR or psychLight2 as 
well as membrane preparations obtained from 
these systems. The inhibition constant (K;) 
values for serotonin and 5-MeO-DMT were 
nearly identical when using membrane prep- 
arations or intact PSYLI2 cells, with HEK293T 
cells that stably expressed a 5-HT2AR con- 
struct with an ER export sequence resulting in 
a large proportion of the 5-HT2ARs being ex- 
posed to the extracellular environment (fig. S8). 
However, 5-MeO-DMT was an order of magni- 
tude more potent than serotonin when using 
intact HEK293T cells that expressed large 
populations of both plasma membrane-bound 
and intracellular 5-HT2ARs (fig. S8). 

To confirm that serotonin and 5-MeO-DMT 
can target distinct populations of 5-HT2ARs, 
we performed inositol monophosphate (IP1) as- 
says in cortical neurons and HEK293T cells that 
expressed the Myc-5-HT2AR-ECFP construct. 
When the assay was performed in HEK293T 
cells that expressed Myc-5-HT2AR-ECFP, which 
display a large proportion of plasma membrane- 
bound 5-HT2ARs, serotonin and 5-MeO-DMT 
had comparable potencies and efficacies (fig. 
S9A). When the same experiment was performed 
in rat cortical neurons, serotonin failed to elicit 
an agonist response, although 5-MeO-DMT re- 
mained a potent agonist (fig. SOB). 


Cellular import of serotonin leads to structural 
plasticity and antidepressant-like effects 


If activation of intracellular 5-HT2ARs in cor- 
tical neurons is sufficient to promote structural 
plasticity, we hypothesized that serotonin should 
be able to promote cortical neuron growth if 
given access to the intracellular space. To test 
this hypothesis, we first treated cortical neu- 
rons with serotonin (1 1M) in the presence and 
absence of electroporation. Unlike ketamine 
(1 uM), serotonin was only able to promote cor- 
tical neuron growth when applied with electro- 
poration (Fig. 4A). Next, we took advantage 
of the serotonin transporter (SERT), which 
can import serotonin from the extracellular 
environment (39). Endogenous expression of 
SERT is typically restricted to presynaptic ter- 
minals of neurons that emanate from the raphe, 
and thus, rat cortical neurons do not express 
appreciable levels of the transporter (40, 41). 
Embryonic rat cortical neurons were electro- 
porated with an enhanced yellow fluorescent 
protein (EYFP)-tagged SERT construct under 
the control of the calcium/calmodulin-dependent 
protein kinase II (CaMKII) promoter to re- 
strict expression to excitatory pyramidal neu- 
rons. Sparse transfection resulted in cultures 
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Fig. 4. Cellular uptake of serotonin induces structural plasticity in vitro. 
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that expressed both SERT-positive and SERT- 
negative neurons (Fig. 4B), which enabled us 
to compare the effects of serotonin on neurons 
capable of importing the monoamine with those 
that could not within the same cultures. 

Treatment with the membrane-permeable 
psychedelic DMT (10 uM) resulted in greater 
dendritic arbor complexity and increased spine 
density in both SERT-positive and SERT-negative 
neurons (Fig. 4, B to F). Only SERT-positive 
neurons treated with serotonin (10 1M) displayed 
increased dendritogenesis and spinogenesis 
(Fig. 4, B to F). To ensure that serotonin- 
induced changes in structural neural plasticity 
were due to the engagement of intracellular 
5-HT2Rs through serotonin importation from 
SERT, we performed similar experiments in 
the presence of the selective SERT inhibitor 
citalopram (CIT) and KTSN. When these ex- 
periments were performed in the presence of 
CIT 10 uM), the plasticity-promoting effects of 
serotonin (1 uM) on SERT-positive neurons 
were blocked (Fig. 4D). By contrast, CIT had no 
effect on the ability of DMT (1 uM) to promote 
the growth of SERT-positive or SERT-negative 
cortical neurons (Fig. 4D). In the presence of 
KTSN (10 uM), neither serotonin nor DMT could 
promote neuronal growth, which confirms that 
DMT and intracellular serotonin promote plas- 
ticity by means of 5-HT2AR receptors in vitro 
(Fig. 4D). 

To determine whether intracellular serotonin 
could promote the growth of cortical neurons 
in vivo, we injected the medial PFC (mPFC) of 
Thyl-enhanced green fluorescent protein (EGFP) 
mice with either CaMKII-SERT-mCherry or 
CaMKII-mCherry. The mPFC was chosen as the 
injection site because it exhibits high levels of 
5-HT2AR expression (28) and has been impli- 
cated in the antidepressant-like effects of psycho- 
plastogens (42). After 3 weeks to enable construct 
expression (Fig. 5, Aand B), both groups were 
administered (+)-para-chloroamphetamine 
[PCA, 5 mg/kg intraperitoneally (ip)], a selec- 
tive serotonin-releasing agent (43). Dendritic 
spine density on mPFC pyramidal neurons was 
assessed 24: hours later. Animals that expressed 
SERT in the mPFC displayed significantly higher 
densities of dendritic spines after PCA admin- 
istration as compared with mCherry controls 
(Fig. 5, C and D). Notably, PCA is not a 5-HT2AR 
agonist (fig. SIOA), does not directly promote 
the growth of SERT-positive or SERT-negative 
cortical neurons in culture (fig. SIOB), and does 
not induce a head-twitch response (HTR) in WT 
mice (fig. S10C). 

Evidence suggests that psychoplastogen- 
induced structural plasticity in the mPFC might 
be related to sustained antidepressant-like effects 
in rodents (44). To probe for an antidepressant- 
like response that might be linked to neuro- 
plasticity, we injected an adeno-associated virus 
(AAV) that contained a CaMKI-SERT-EYFP 
or CaMKII-green fluorescent protein (GFP) 
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construct into the mPFC of WT C57BL/6J mice 
(Fig. 5E and fig. S10D). After 3 weeks to allow 
for construct expression, both groups of mice 
underwent a novelty induced locomotion 
(NIL) test, and no differences in locomotion 
were observed (Fig. 5F). After 24 hours, mice 
were subjected to a forced swim test (FST) 
(7, 45). Again, we observed no differences 
between the mice that expressed SERT and 
those that expressed the GFP control (Fig. 5G). 
Two days later, we administered PCA (5 mg/ 
kg ip), waited 24 hours, and then performed 
asecond FST (Fig. 5G). The SERT-expressing 
mice exhibited a statistically significant HTR 
immediately after the administration of PCA 
as compared with the GFP control mice (fig. 
S10E), and they also displayed a significant 
reduction in immobility in the FST 24 hours 
after administration (Fig. 5G). 


Discussion 


Although GPCRs are traditionally viewed as 
initiators of signal transduction that originates 
at the plasma membrane, increasing evidence 
suggests that GPCR signaling from intracellu- 
lar compartments can play important roles in 
cellular responses to drugs. Recently, location 
bias has been proposed to explain signaling 
differences between endogenous membrane- 
impermeable peptide ligands and membrane- 
permeable ligands of opioid receptors (38). 
Moreover, distinct ligand-induced signaling 
has been observed for plasma membrane- 
localized and intracellular populations of 
6-opioid receptors (46). Here, we extend the 
concept of location bias to ligands of the 
5-HT2AR. 

A substantial proportion of 5-HT2ARs in 
cortical neurons are localized to the Golgi, and 
intracellular compartments such as the Golgi 
are slightly acidic compared with the cytosol 
and extracellular space. Thus, it is possible that 
protonation of psychedelics within the Golgi 
leads to retention and sustained signaling, 
which results in neuronal growth, even after 
transient stimulation (47). Persistent growth 
after the drugs have been removed from the 
extracellular space is a hallmark of serotoner- 
gic psychoplastogens (47, 48). Although the 
mechanistic details that link intracellular 5- 
HT2AR activation to cortical neuron growth 
have not been fully elucidated, they are likely 
to involve AMPA receptor, TrkB, and mTOR 
signaling, as previously established (9). Future 
studies should examine the detailed signaling 
interplay between these proteins. 

In addition to promoting psychedelic-induced 
structural neuroplasticity, the intracellular 
population of 5-HT2ARs might also contribute 
to the hallucinogenic effects of psychedelics. 
When we administered a serotonin-releasing 
agent to WT mice, we did not observe a HTR. 
However, the same drug was able to induce a 
HTR in mice that expressed SERT on cortical 
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Fig. 5. Cellular uptake of serotonin produces antidepressant-like effects in vivo. (A) Schematic that 


displays experimental design for measuring spine de! 
a serotonin-releasing agent. (B) Histology images of 


nsity in Thyl-EGFP mice after administration of 
the mPFC of Thyl-EGFP mice that express CaMKIl- 


mCherry or CaMKIIl-SERT-mCherry. (€) Confocal images of dendritic spines in the mPFC of mice treated with 
PCA (5 mg/kg ip). (D) Mice that express CaMKII-SERT-mCherry display increased dendritic spine density 


after PCA treatment. (E) Schematic that displays ex 
antidepressant-like effects of serotonin in mice that 
difference between CaMKII-SERT-EYFP— and CaMKIl- 


CaMKII-GFP-expressing mice exhibit no differences 


perimental design for determining the sustained 
express SERT in the mPFC. (F) 
GFP-expressing mice. (G@) CaMKII-SERT-EYFP— and 
in the FST. After PCA (5 mg/kg 


IL demonstrates no 


ip) administration, 


CaMKII-SERT-EYFP-expressing mice display a sustained antidepressant-like effect. ns is not significant, *p < 
0.05, and **p < 0.01, as compared between indicated pairs of data in (D) and (F) (two-tailed unpaired 
Student's t test) or (G) (two-way repeated measures ANOVA followed by Sidak’s multiple comparisons test). 
Error bars in (D), (F), and (G) represent standard error of the mean. 


neurons of the mPFC, a brain region that is 
known to be essential for the HTR (49). Thus, 
activation of intracellular cortical 5-HT2ARs 
may play a role in the subjective effects of 
psychedelics. This hypothesis is further sup- 
ported by previous work that demonstrates 
that a high dose of the serotonin precursor 5- 
hydroxytryptophan (5-HTP) induces a HTR 
in WT mice, which can be blocked by an N- 
methyltransferase inhibitor that prevents the 
metabolism of 5-HTP to N-methyltryptamines 
(50). Inhibition of N-methyltransferase failed 
to block the HTR induced by 5-MeO-DMT (50). 
Taken together, this work emphasizes that ac- 
cessing intracellular 5-HT2ARs is important for 
5-HT2AR agonists to produce a HTR. 

Our results demonstrate that membrane per- 
meability is essential for a ligand to activate 
5-HT2ARs in cortical neurons; however, our 
experiments did not distinguish between in- 
tracellular signaling or the possibility of psy- 
chedelics acting as pharmacological chaperones. 
Others have hypothesized that GPCR ligands 
may act as pharmacological chaperones, which 
facilitates their export to the plasma membrane 
where they could presumably engage in canon- 
ical signaling (57). Thus, future studies should 
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determine whether intracellular 5-HT2AR sig- 
naling is distinct from 5-HT2AR signaling at 
the plasma membrane. 

Although intracellular expression of 5-HT2ARs 
within cortical pyramidal neurons has been 
known for some time, it is unclear at present 
why the subcellular localization of these re- 
ceptors differs greatly between neurons and 
HEK293T cells (28, 29, 31). One possibility is 
that 5-HT2ARs form heterodimeric complexes 
that affect cellular trafficking (37). Thus, by 
dictating 5-HT2AR localization, cellular con- 
text could influence responses to endogenous 
neuromodulators and/or exogenous drugs, 
which potentially results in circuit-specific ef- 
fects of 5-HT2AR ligands. 

Intracellular signaling has been hypothesized 
to contribute to the pharmacological proper- 
ties of a diverse range of compounds that in- 
cludes nicotine, ketamine, and SSRIs (57-53). 
Like psychedelics, these compounds are weak 
bases with pK, (where K, is the acid dissoci- 
ation constant) values ranging from 7 to 10. 
Given that the antidepressant mechanisms of 
ketamine and SSRIs have not been definitively 
established, it is intriguing to speculate that 
they also might promote cortical neuron growth 
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by binding to intracellular targets. Perhaps other 
antidepressants affect the function of scaffold- 
ing proteins within the cell interior to modu- 
late neuronal growth phenotypes. 

Without facilitated transport across the 
plasma membrane, serotonin cannot induce 
psychedelic-like effects on neuronal morphol- 
ogy. Although it is possible that serotonin could 
alter cortical neuron physiology by activating 
cell-surface 5-HT2ARs, this receptor pool does 
not seem to be involved in 5-HT2AR-induced 
structural plasticity. Our results raise the in- 
triguing possibility that serotonin may not be 
the endogenous ligand for the population of 
5-HT2ARs expressed inside cortical neurons. 
Alternative ligands could include methylated 
congeners of serotonin or TRY because these 
compounds have greater abilities to cross non- 
polar membranes. Endogenous psychedelics 
such as DMT, 5-MeO-DMT, and bufotenin 
have been identified in a variety of species, in- 
cluding humans, and have long been hypothesized 
to play roles in diseases such as schizophrenia 
(64). However, they are rapidly degraded in vivo, 
which makes their detection by classic an- 
alytical methods quite challenging. The use 
of more modern analytical techniques has 
improved detection of these analytes (55), with 
a recent study demonstrating that the concen- 
tration of DMT in the cortex was comparable 
to that of serotonin (56). The possibility that 
endogenous psychedelics play a role in health 
or disease should therefore be thoroughly 
investigated. 
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Continuous-flow electrosynthesis of ammonia 
by nitrogen reduction and hydrogen oxidation 


Xianbiao Fut, Jakob B. Pedersen}, Yuanyuan Zhouy, Mattia Saccoccio, Shaofeng Li, Rokas Sazinas, 
Katja Li, Suzanne Z. Andersen, Aoni Xu, Niklas H. Deissler, Jon Bjarke Valbzek Mygind, Chao Wei, 
Jakob Kibsgaard, Peter C. K. Vesborg, Jens K. Norskov*, Ib Chorkendorff* 


Ammonia is a critical component in fertilizers, pharmaceuticals, and fine chemicals and is an ideal, 
carbon-free fuel. Recently, lithium-mediated nitrogen reduction has proven to be a promising route for 
electrochemical ammonia synthesis at ambient conditions. In this work, we report a continuous-flow 
electrolyzer equipped with 25-square centimeter-effective area gas diffusion electrodes wherein 
nitrogen reduction is coupled with hydrogen oxidation. We show that the classical catalyst platinum is 
not stable for hydrogen oxidation in the organic electrolyte, but a platinum-gold alloy lowers the anode 
potential and avoids the decremental decomposition of the organic electrolyte. At optimal operating 
conditions, we achieve, at 1 bar, a faradaic efficiency for ammonia production of up to 61 + 1% and an 
energy efficiency of 13 + 1% at a current density of -6 milliamperes per square centimeter. 


mmonia (NHs3) is one of the essential 

feedstocks to produce fertilizers, phar- 

maceuticals, polymers, and other chemi- 

cals. In addition, it is an ideal, zero-carbon 

energy carrier. In 2021, a global total of 
182 million metric tons of ammonia was pro- 
duced in centralized industrial plants through 
the Haber-Bosch process, which is consid- 
ered one of the most impactful technological 
achievements of the 20th century (1-3). How- 
ever, the Haber-Bosch process consumes ~1% 
of the global annual energy output and gen- 
erates ~1.3% of global carbon dioxide (CO,) 
emissions, which are mainly associated with 
hydrogen (H,) production from steam meth- 
ane reforming or coal gasification (4). The high 
pressure (150 to 200 bar) needed to achieve 
reasonable ammonia concentrations at the 
high temperatures (350° to 450°C) needed for 
catalytic activity requires substantial capital 
investments, which means that ammonia 
production is very centralized. Unfortunately, 
the desirable renewable energy sources for the 
production process and the use of fertilizers 
are both decentralized, which means that 
there is great incentive to make smaller and 
delocalized production units. This would also 
make ammonia production less vulnerable 
to political instabilities and make it desirable 
even if energy consumption is increased. (2, 5). 
The electrochemical ammonia synthesis di- 
rectly from nitrogen (N2) and water, powered 
by renewable energy, would enable distributed 
ammonia production in smaller-scale devices, 
which would bring tremendous economic and 
social advantages, such as decreasing the price 
of fertilizer in developing countries and re- 
mote areas lacking transportation networks or 
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infrastructure and realizing a neutral carbon 
footprint (6, 7). 

Recently, despite the substantial efforts that 
have been devoted toward electrochemical am- 
monia synthesis in aqueous conditions, this 
field has been heavily hampered by the am- 
biguity of the nitrogen source for NH3 (8-10). 
Several protocols and rigorous quantitative 
investigations have revealed ubiquitous con- 
tamination (e.g., nitrogen oxides, nitrate, nitrite, 
and organic nitrogen compounds) in feed gases 
(4N, and '°N,), catalysts, and electrolytes, 
which suggests that ammonia production from 
N, reduction remains unproven in aqueous 
systems (9, 10). The lithium-mediated nitrogen 
reduction reaction (Li-NRR) in nonaqueous 
electrolytes has been validated to produce am- 
monia from Nz reduction through a rigorous 
procedure (i.e., gas purification and quantita- 
tive isotope measurements) by our group (J0). 
The Li-NRR was first investigated in an al- 
coholic solution of lithium halide in 1930 by 
Fichter et al. and was further optimized by 
Tsuneto et al. by changing the electrolyte to 
tetrahydrofuran (THF) mixed with ethanol 
(EtOH) and increasing nitrogen pressure to 
improve the current efficiency (J/-13). How- 
ever, it seems that none of these works were 
followed up thoroughly, and they vanished 
in a sea of false positives that left open the 
question of whether molecular nitrogen was 
the definitive source of the nitrogen in mea- 
sured ammonia. Since our work (10), several 
strategies—such as potential cycling (4), the 
addition of oxygen as a promoter (15), the use 
of ionic liquid as a proton shuttle (76), increas- 
ing the surface area of electrodes (17, 18), 
regulating electrode-electrolyte interfaces (19), 
and increasing nitrogen pressure (13-19)— 
have been developed by several groups to 
improve the ammonia faradaic efficiency 
(FE), current density, and ammonia produc- 
tion rates. 


Although substantial progress has been made 
to achieve high FE and current density, most 
Li-NRR investigations have been performed 
in a batch-type electrochemical cell (i.e., one- 
compartment cells and autoclaves), where 
nitrogen must be dissolved in the electrolyte 
to participate in the reaction even at high No 
pressure (e.g., 5 to 50 bar). This type of config- 
uration is mass transport limited with respect 
to nitrogen because of the low solubility of No 
in nonaqueous electrolytes (20, 21). Moreover, 
most Li-NRR studies have the limitation of 
using a Sacrificial solvent as a proton donor 
and face difficulties in scaling up production 
in batch reactors. Therefore, introducing a hy- 
drogen oxidation reaction (HOR) on the anode 
(with the hydrogen sourced from water split- 
ting) is a promising approach to providing a 
sustainable hydrogen source for ammonia 
synthesis. Suryanto e¢ al. tried to introduce 
a phosphonium proton shuttle to resolve the 
sacrificial solvent problem at 0.5 bar Hy and 
19.5 bar N, in an autoclave (16). However, in 
the batch cell, the mass transfer limitation of 
Hz, is an issue, and H, also has the potential 
to react with metallic lithium to form lithium 
hydride (LiH), which impedes the capacity to 
activate nitrogen at room temperature. To cir- 
cumvent transport limitations, Lazouski et al. 
first proposed using a stainless-steel cloth (SSC) 
as the gas diffusion electrode (GDE) operated 
in a three-compartment cell and achieved an 
ammonia FE of 35%, but this system was only 
stable for 5 to 8 min at 20 mA/cm? (20). De- 
spite flowing H, on the anode side, there is 
no evidence to demonstrate that hydrogen 
in NHsg is derived from the HOR because of 
the high cell voltage of 20 to 30 V, which also 
leads to energy efficiency (EE) of only 1.4 to 
2.8% (20, 22). For the initial investigations 
(14, 15, 17, 18), we used the pseudo-EE first 
defined by Lazouski et al. in the Li-NRR sys- 
tem (20). We call it pseudo-EE because it is not 
demonstrated whether the protons are coming 
from the hydrogen or from sacrificial agents, 
and calculated EE did not include the energy 
required for the synthesis of Hy. From this 
point forward, we will instead use the EE as 
measured using hydrogen as the proton source 
(more details and discussion are available in 
the supplementary materials). To date, there 
are three main challenges to Li-NRR at 1 bar 
Nz pressure for practical applications: (i) low 
FE and EE (both only a few percent in the 
one-compartment cell at 1 bar Nz) owing to 
mass transfer limitation and high cell volt- 
age, (ii) unsustainable proton source from 
sacrificial solvent, and (iii) poor stability in a 
GDE-equipped electrolyzer. 

Li-NRR paired with HOR can avoid a sac- 
rificial solvent as a proton source and can also 
lower the cell voltage to improve the ammonia 
selectivity and EE (tables S1 to $4). A crucial 
part of implementing a successful HOR was 
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to replace the archetype Pt anode with a PtAu 
alloy, which showed high activity and long- 
term stability toward hydrogen oxidation in 
the organic electrolytes. To support this piv- 
otal change of anode material, operando mass 
spectrometry of deuterium (D,.) oxidation 
demonstrated that hydrogen oxidation can 
continuously provide protons for ammonia 
synthesis and confirmed the recyclability of 
EtOH as a proton shuttle. Directly feeding the 
N, and H, to the electrolyte-GDE interface to 
participate in the reactions circumvents mass 
transfer limitations. Based on our PtAu alloy 
catalyst and electrolyzer design, the continuous- 
flow reactor with a 25-cm? effective area ex- 
hibited ammonia FE of up to 61 + 1% and EE of 
13 + 1% at ambient pressure and temperature. 


Design of the flow cell 


First, we constructed a three-compartment, 
continuous-flow reactor in which an SSC-based 
GDE was positioned between a gas flow field 
(5 cm by 5 cm) and an electrolyte chamber 
where gaseous reactants could be directly fed 
to one side of the SSC electrode while elec- 
trolyte was fed on the other side (Fig. 1A and 
fig. S1). The configuration of the continuous- 
flow electrolyzer is depicted in Fig. 1B. Gener- 
ally, the process of Li-NRR in a continuous-flow 
electrolyzer is as follows: A lithium ion (Li*) 
diffuses from the bulk electrolyte through the 
solid-electrolyte interphase (SEI), and Li* is 
electrochemically reduced into metallic Li on 
the electrode and subsequently reacts with No 
to form lithium nitride (Li3N), which is pro- 
tonated by a proton shuttle (EtOH) to contin- 
uously release ammonia. The sustainable source 
of protons is provided by hydrogen oxidation 
on the anode. The working electrode (WE) 
(cathode) and counter electrode (CE) (anode) 
were SSC with different pore sizes and 
PtAu catalysts on the SSC substrate (PtAu/ 
SSC), respectively (figs. S2 to $4). The pseudo- 
reference electrode (RE) was a Pt wire. The Ng 
and Hy, used in the experiments were cleaned 
by purifiers (NuPure) such that all labile N- 
containing compounds were down to the parts 
per trillion by volume (ppt-v) level. The No and 
Hz, gas flow rates were controlled using a mass 
flow controller (Brooks Instrument) and were 
set to 75 standard cm?/min. The solution of 
1M lithium tetrafluoroborate (LiBF,) in THF 
contained varying concentrations of 0 to 1 vol % 
EtOH as an electrolyte. A syringe pump was 
used to flow the electrolyte with 1 ml/min flow 
rate. A pressure gradient of 15 mbar between 
the gas inlet and outlet of the continuous-flow 
reactor was set by a water column above the 
gas outlet, which prevented the electrolyte from 
flooding into the gas side of the GDE (fig. S5). 
The produced NHz was distributed in the elec- 
trolyte, electrode deposits, and gas phase- 
trapped acid solution. The ammonia concen- 
trations were quantified by ion chromatography 
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Fig. 1. Schematic and 
configuration of the 
continuous-flow reactor 
for electrochemical ammo- 
nia synthesis. (A) Expanded 
view of the continuous-flow 
electrolyzer configurations. 
Nitrogen and hydrogen gases 
are directly fed into the 
GDE-electrolyte interface 

to react. (B) Schematic 
process of the Li-NRR in a 
continuous-flow electrolyzer. 
The metallic Li from the 
reduction of Li* on the 
cathode reacts with Nz to 
generate the lithium nitride 
(Li,NyH,), which subse- 
quently is protonated with 
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(fig. S6). When the gas-phase NH; trapped 
in hydrochloric acid solution was evaporated, 
high-purity NH,Cl was obtained (fig. S7). 

So far, Pt is the most active monometallic 
HOR catalyst in an aqueous electrolyte system 
(23). Only a few publications have investigated 
the HOR in organic electrolytes, and these have 
suggested a rapid deactivation of the catalyst 
unlike the classical observations in the aqueous 
system (24-27). Specifically, in organic elec- 
trolytes, the HOR catalytic activity of Pt was 
deactivated in a few minutes because of block- 
age of the active sites by the organic molecules 
or intermediates (24). Recently, Hodgetts et al. 
examined the activity deactivation for a series 
of potential HOR catalysts and found even the 
least-deactivated PtRu catalyst was also deac- 
tivated in the initial 20 min (27). Therefore, 
developing a long-term stable HOR catalyst is 
highly desired but poses a challenge for the Li- 
NRR system. In the field of electro-oxidation 
of small molecules, Pt was easily poisoned by 
carbon monoxide (CO) or other intermediates. 
Among the Pt-based, bimetallic alloy catalysts, 
PtAu catalysts improve the tolerance toward 
CO poisoning and exhibit good catalytic ac- 
tivity and stability because of the ensemble, 
ligand, and strain effect (28-37). The Pt mod- 
ified with Au clusters can enhance the stability 
of the oxygen reduction reaction by increasing 
the Pt oxidation potential (32). Inspired by 
these studies, we believed that the PtAu catalyst 
had the potential to be one of the most stable 


by EtO”. 


catalysts for the HOR in organic electrolytes 
because of the beneficial suppression of the 
adsorption of organic poison species by Au. 


Investigations of the HOR 


Density functional theory (DFT) calculations 
were performed elucidating the effect of 
organic electrolytes, and the mean-field micro- 
kinetic modeling approach was applied (cal- 
culation details are given in the materials and 
methods) (33-48). The DFT results show that 
the adsorption free energy of possible inter- 
mediates—e.g., H, CO, THF, and furan—is 
weakened on the PtAu surface (figs. S8 to 
$10) compared with the pure Pt surface. The 
weaker binding of hydrogen on the PtAu sur- 
face results in a 1- to 2-order of magnitude- 
higher HOR production rate than that on the 
pure Pt surface (Fig. 2A). Moreover, the calcu- 
lations indicate that the selectivity toward the 
HOR over THF oxidation on the PtAu surface 
is 5 to 6 orders of magnitude higher than that 
on a pure Pt surface, which markedly lowers 
the rate of the unwanted THF oxidation side 
reactions (fig. S11). CO could be produced during 
the EtOH oxidation by breaking the C-C bond 
between CH, species and CO (CH,-CO). Pure 
Pt shows facile predicted kinetics for catalyz- 
ing cleavage of the CHy-CO bond, whereas on 
PtAu, there is a nontrivial CH,-CO dissociation 
barrier under ambient conditions (fig. $12). 
We prepared Pt and PtAu electrodes on the 
SSC substrate (Pt/SSC and PtAu/SSC) by the 
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hydrogen bubble templated method (figs. S13 
to $15) and the PtAu thin film on titanium (Ti) 
foil by magnetron sputtering (fig. S16). The 
HOR performance was evaluated in 1M LiBF, 
in THF electrolytes using a one-compartment 
cell in an Ar-filled glovebox. The cyclic voltam- 
metric (CV) curves of Pt/SSC and PtAu/SSC 
show a hydrogen oxidation peak at 0.2 V versus 
Pt pseudo-RE and a diffusion-limited current 
density of 3.8 mA/cm? because of the mass 
transfer limitation of H, (fig. $17). Not unex- 
pectedly, the Pt/SSC deactivated in a few min- 
utes during chronopotentiometry (CP), and 
the anode potential increased to 1 V versus 
Pt, where THF oxidation takes place (Fig. 2B). 
By contrast, the PtAu/SSC stays stable at low 
potentials of ~0.3 V versus Pt over 5 hours, 
proving the high activity and longer-term 
stability of the HOR in the given electrolyte 
(Fig. 2B). In the actual system, the electrolyte 
will contain produced ammonia during the 
Li-NRR process. Thus, the HOR stability of 
Pt/SSC and PtAu/SSC was examined in 1 M 
LiBF, with the presence of 40 mM NHs. The 
HOR potential of PtAu/SSC stays around 0.5 V 
versus Pt for 5 hours, whereas Pt/SSC stays at 
1.5 V versus Pt (fig. S18). 

After long-term stability tests of PtAu, angle- 
resolved x-ray photoelectron spectrometer 
(XPS) results show that Pt was enriched on 
the surface of the PtAu catalyst (Fig. 2C and 
figs. S19 to S24). DFT calculations suggest that 
even a trace amount of CO, methyl, and furan 
leads to Pt atoms segregating onto the surface 
(Fig. 2D and fig. S10), and the underlayer of 
Au further weakens the adsorption strength 
of organic species (figs. S25 to S27). Moreover, 
the Au underlayer promotes the formation of a 
Pt(111)-like overlayer (30, 49). The H-binding 
energy, a typical HOR reactivity descriptor, is 
—0.13 eV on the PtAu surface and —0.09 eV on 
the Ptv19xv19/Au surface (fig. S26), whereas 
the dissociation barrier of CH2-CO is 0.85 eV 
on PtAu surface and 1.29 eV on the Ptv19xv19/ 
Au surface (fig. S12). Thus, the Au underlayer 
has a minimal effect on the intrinsic HOR ac- 
tivity, and the Pt overlayer still exhibits the 
anti-CO poison effect of the PtAu surface. 
Additionally, PtAu exhibits a much lower ac- 
tivity of ammonia electro-oxidation compared 
with Pt, which indicates that PtAu could avoid 
the consumption of ammonia on the anode in 
the Li-NRR system (figs. S28 and S29). 


Operando mass spectrometry of D2 oxidation 


To prove the combination of NRR with HOR, 
operando mass spectrometry with D, isotope 
studies were performed in the continuous- 
flow electrolyzer (Fig. 3 and figs. S30 to S39). 
Contrary to our previous studies (74), where 
the reaction relied on sacrificial solvent oxida- 
tion as the proton source, the electrolyzer is 
provided with hydrogen on the anode for the 
HOR. When flowing D, over the anode while 
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measuring products at the cathode, H-containing 
products stemming from electrolyte reactions 
can be distinguished from D-containing products 
from D, oxidation (Fig. 3B and figs. S31 and 
$32). Initially, the cathode is fully covered in 


fresh electrolyte yielding mainly H-containing 
products, such as NH3 and NH2D. But as the 
experiment progresses, more D-containing 
products are formed (Fig. 3C), eventually lead- 
ing to fully deuterated ammonia detected as 
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Fig. 2. Investigations of hydrogen oxidation catalysts. (A) Calculated exchange current densities (jo) 

as a function of hydrogen adsorption free energy (Gy). (B) Experimental CP of PtAu/SSC and Pt/SSC 

at 2 mA/cm? current density in 1 M LiBF4 in THF with H> bubbling. (C) The measured atomic ratio of Pt/Au 
before and after the long-term HOR stability test of PtAu/SSC using angle-resolved XPS. Error bars represent 
the standard deviation from 16 different angle channels. (D) The calculated Gibbs formation free energy 

of PtAu(211) and PtAu(211) with 8-Pt segregation to the surface with different furan coverage. 
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NDs. This unambiguously proves that coupled 
NRRs and HORs are occurring and demon- 
strates the capacity of EtOH as a proton shut- 
tle. Additionally, the H, outlet stream was 
measured by operando mass spectrometry, 
and no other gaseous anode by-products were 
observed except Hy and evaporated THF. 


Trade-off strategy of proton- and 
nitrogen-limited region 

Our previous studies have demonstrated a 
potential cycling strategy, where switching 
potential between applied potential and open 
circuit voltage (OCV) can improve the per- 
formance of Li-NRR (/4). The optimal poten- 
tial cycling condition is 1 min for Li deposition 
and 1 min for resting at OCV determined by 
changing the cycling time or the resting (OCV) 
potential at —2 V versus Pt determined by the 
modulo battery technique (Fig. 4A and figs. 
S40 to S42). Li-NRR coupled with HOR at 
the anode leads to the average anode poten- 
tial staying around 0.6 V versus Pt, which con- 
tributes to much lower cell voltages of 4.3 V 
(Fig. 4A and fig. $43) compared with those 
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Fig. 4. Potential cycling method and trade-off strategy of proton- and 
nitrogen-limited region to enhance the performance of Li-mediated 
ammonia synthesis. (A) The CP of 30-um SSC at the current density of 

-6 mA/cm*. Potential cycling condition is -6 mA/cm? for 1 min and 0 mA/cm? 
for 1 min. All potentials reported are shown without ohmic drop (iR) correction. 
(B) The effect of EtOH concentration on the ammonia FE with or without 
potential cycling. Each FE was obtained by passing a total charge of 700 C at a 
current density of -6 mA/cm? on 30-um SSC. (C) The effect of different 

EtOH concentrations on the distribution of produced ammonia in the electrolyte, 
gas phase, and electrode deposits. The produced ammonia was obtained 

by passing a total charge of 700 C and not normalized by reaction time. 
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from previous studies (20, 21). The proton 
shuttle (EtOH) concentration effect was eval- 
uated in the continuous-flow electrolyzer (figs. 
S44 to S48 and table S1), and the optimal EtOH 
concentration was determined to be 0.25 vol % 
(equal to 43 mM), which was different from 
the 100 mM optimal found by Lazouski et al. 
in a one-compartment cell (50). As shown in 
Fig. 4B, a FE of 61 + 1% (from n = 3 repeated 
experiments) was achieved on the 30-um SSC 
at optimal experiment conditions (0.25 vol % 
EtOH in 1 M LiBF, THF with typical potential 
cycling). The promotion effect of potential 
cycling shows opposite effects in the proton 
and nitrogen diffusion limited region. This is 
in line with our theoretical atomistic kinetic 
model analysis. During the resting period with 
potential cycling, in the proton-limited region, 
the deposited lithium metal reacts with N» gas 
to form lithium nitride, which couples with Li 
dissolution to produce NH; to improve the 
performance. In the N,-limited region, the 
deposited lithium metal reacts with protons 
to form lithium hydride, which couples with 
Li dissolution to produce Hg, leading to de- 
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creasing NHs selectivity. Therefore, the selec- 
tivity is improved with the potential cycling 
in the proton-limited region but is decreased 
with potential cycling in the N.-limited region. 
(fig. S49). The long-term stability of the Li-NRR 
system in a continuous-flow electrolyzer was 
also examined for 10 hours (fig. S50). The pore 
size effect of the SSC-based GDE was also in- 
vestigated. Compared with the 30-m SSC, the 
Nz gas can access the electrolyte side through 
the bigger pores in the SSC mesh (43 and 
61 um) because of the imbalance of the elec- 
trolyte and gas. Nonetheless, a FE of up to 67 + 
2% and EE of 14 + 1% (from n = 3 repeated 
experiments) was achieved on the 43-um SSC 
(fig. S51). Moreover, about half of the ammonia 
was distributed in the gas phase, which is 
desirable because of the cheaper and easier 
separations compared with ammonia accu- 
mulating in the electrolyte (Fig. 4C). 

To confirm the importance of the HOR on 
the anode and the role of EtOH, control ex- 
periments were carried out by varying the 
conditions, such as Ar, Hy, and Nz gas feeding 
into the anode or cathode and with or without 
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(D) Ammonia FE under control experimental conditions (different gas feeding 
into anode or cathode and with or without EtOH) with a typical potential 
cycling method. The corresponding insets are photos of electrolytes after 
passing 700 C or 500 C charge. (E) The average anode and cathode potential 
under control experimental conditions. (F) Comparison of current density 

and EE with previous accounts in the literature. It should be noted that (20) 
used Hz as the anode reactant but did not demonstrate that the hydrogen 

in ammonia is from HOR. Notice this point (20) had to be corrected to consider 
the energy used for the synthesis of hydrogen because that was not done 
originally (20). Error bars represent the standard deviation from at least 
three independent measurements. 
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EtOH (Fig. 4D). When Ar flows on the anode 
side, the dark electrolytes indicate that THF is 
heavily decomposed or polymerized because 
of the high anode potentials of 1.7 V versus Pt 
(with EtOH) and 2.6 V versus Pt (without EtOH), 
whereas using an H, flow shows clear electro- 
lytes with the lower anode potential of 0.6 V 
versus Pt (Fig. 4, D and E, and fig. S52). This 
suggests that the HOR occurs on the anode 
and protects the electrolytes, consistent with 
nuclear magnetic resonance (NMR) analysis 
(figs. S53 and S54). Moreover, an FE of 0.3% 
is observed using Ar as the cathode gas, which 
indicates that the produced ammonia is from 
N, reduction when feeding Nz (Fig. 4D). Al- 
though the Li-NRR is a well-proven method, 
N, isotope-labeled experiments were also 
performed to confirm that the produced NH3 
originates from ’N; (figs. S39 and $55). Under 
similar conditions, the isotope experiment 
showed about the same performance as a “N» 
experiment (fig. S56). The current densities, 
FEs, and EEs of previous publications are sum- 
marized in Fig. 4F and fig. S57 for comparison 
with this work. Previous works (J6, 20) did use 
H, but did not prove that the hydrogen in the 
ammonia is coming from the HOR. The current 
density of this work is lower than that reported 
in recent studies (17-19), but we demonstrate 
that the anode potential can be reduced sub- 
stantially and that hydrogen in the produced 
ammonia is originating from the oxidation of 
feeding H, and not from the sacrificial solvent. 
We also highlight the whole system’s efficiency 
and the importance of introducing the HOR 
on the anode to provide a sustainable hy- 
drogen source. Future work should focus on 
obtaining high EE and FE at a higher current 
density to increase ammonia production rates. 
After more than 10 cycles of reuse for the CP 
test, the x-ray diffraction (XRD) patterns of 
PtAu anode catalysts show no visible changes, 
which confirms the stability of the PtAu cat- 
alysts (fig. S58). Previous studies have dem- 
onstrated that the SEI layer could modulate the 
ionic conductivity to affect the performance 
of Li-NRR (15, 18). To reveal the key role of 
EtOH in the composition and formation of 
SEI, the flow cell was run in an Ar-filled glove- 
box under three conditions—i.e., after 700 C 
of CP test with EtOH and after a linear sweep 
voltammetry (LSV) test with or without EtOH. 
The XRD, XPS, and scanning electron micro- 
scope (SEM) transfer systems were used to 
avoid air and moisture exposure (figs. S59 to 
S61). The SEM images show the uniform SEI 
layer formed after the LSV test with EtOH, 
and fewer deposition species without EtOH 
indicate the key role of EtOH in SEI formation 
and Li deposition behavior (figs. S62 and S63). 
After 700 C of the CP test, the cathode is fully 
covered by the porous layer in which the main 
component of lithium fluoride (LiF) is con- 
firmed by XRD and depth-profiling XPS (figs. 
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S64 to S66). After the LSV test, the F 1s peak 
at 685.5 eV in depth-profiling XPS spectra is 
attributed to LiF, whereas the peak at 687.5 eV 
is attributed to LiBF, (figs. S67 to S70). All 
the results suggest that the main composition 
of SEI is LiF, which also matches previous 
accounts (18). 

Very recently, 95% FE and a current density 
of 1 A/cm? were reported using autoclaves 
(15 or 20 bar) by investigation of the electrolyte 
(19) and construction of high-surface area 
electrodes (78), respectively. Although a FE of 
almost 100% (79) and a high current density 
of 1 A/cm? (18) have been achieved by sacrific- 
ing solvent as protons, it is quite far from the 
industrial application of Li-mediated ammo- 
nia synthesis. Achieving high FE and current 
density has more importance only when the 
anode truly uses hydrogen or water as the 
sustainable hydrogen source. Undeniably, in- 
troducing those strategies found in the one- 
compartment cell into the continuous-flow 
reactor is worth exploring to put the Li-NRR 
closer to practical applications. Although the 
results reported here represent an important 
advance in the stable PtAu catalyst for HOR to 
improve the operation stability of the flow-cell 
system and continuous-flow electrochemical 
synthesis of ammonia by Li-NRR, this work 
does not solve all the problems of Li-mediated 
ammonia synthesis at the level of industrial 
application. Future research on Li-NRR and 
HOR should aim at improving the current 
density, optimizing the mass transport of H» 
and N,, and precisely modulating the pressure 
gradient between gas and liquid over the GDE. 
The main goal should be achieving high FE 
and EE at industrial current density in the 
pilot-scale flow cell. Sustainable H, can be pro- 
vided by water electrolysis powered by renew- 
able electricity. Recycling the anode outlet H, 
could be a solution to improve the utilization 
efficiency of Hy» at the anode. Our findings pro- 
vide a solid foundation and a guide for these 
explorations for further scale up in the future. 
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Ultralow frictional healing explains recurring 


slow slip events 


Srisharan Shreedharan'2*, Demian Saffer’?*, Laura M. Wallace’, Charles Williams* 


Plate motion on shallow subduction megathrusts is accommodated by a spectrum of tectonic slip 
modes. However, the frictional properties and conditions that sustain these diverse slip behaviors remain 
enigmatic. Frictional healing is one such property, which describes the degree of fault restrengthening 
between earthquakes. We show that the frictional healing rate of materials entrained along the 
megathrust at the northern Hikurangi margin, which hosts well-characterized recurring shallow slow slip 
events (SSEs), is nearly zero (<0.0001 per decade). These low healing rates provide a mechanism for the 
low stress drops (<50 kilopascals) and short recurrence times (1 to 2 years) characteristic of shallow 
SSEs at Hikurangi and other subduction margins. We suggest that near-zero frictional healing rates, 
associated with weak phyllosilicates that are common in subduction zones, may promote frequent, 


small-stress-drop, slow ruptures near the trench. 


ver the past 2.5 decades, a rapidly grow- 

ing body of observations has revealed a 

continuum of slip behavior on tectonic 

plate boundary faults globally, spanning 

time scales from seconds to years (1). 
These modes of slip include fast elastodynamic 
earthquakes, tectonic tremors, low-frequency 
earthquakes (LFEs), very-low-frequency earth- 
quakes (VLFEs), slow slip events (SSEs), and 
aseismic creep. The recognition of these diverse 
slip modes has sparked a rethinking of the 
underlying mechanics of earthquakes and 
fault slip and raised fundamental questions 
about in situ conditions, rheology, and processes 
along the subduction interface that govern this 
spectrum of behavior (J, 2). 

SSEs, in particular, have emerged as a poten- 
tially important mode of slip on the shallow 
subduction zone megathrust. During SSEs, the 
fault slips slowly over a period of days, weeks, 
or even months (7), rather than in seconds as in 
typical elastodynamic earthquakes. In some 
cases, SSEs may be accompanied by tremors, 
LFEs, and VLFEs, which radiate seismic energy 
(CZ, 3) and are detected seismologically. 

Numerous hypotheses have been proposed 
to explain this spectrum of fault slip modes, 
including highly elevated pore-fluid pressures 
(4, 5), dilatant strengthening (6), transitional 
frictional properties (7-10), low-rigidity fault 
rocks (JD), and lithological and geometric hetero- 
geneities within the fault zone (12). These hy- 
potheses center around material properties 
that control the nucleation of an instability on 
a fault and its ability (or inability) to grow into 
a dynamic rupture. A relatively unexplored yet 
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equally fundamental control on earthquake 
occurrence is frictional healing, which describes 
the ability of a fault to restrengthen and store 
elastic strain energy between events (2, 10). In 
the absence of a mechanism for restrengthen- 
ing, a fault will fail only by aseismic creep. 
Frictional healing of an earthquake source 
region is particularly important because it 
plays a primary role in controlling rupture 
properties, including stress drop, recurrence 
interval, and potentially slip mode and amount 
(2, 10). 

Measuring the frictional properties of rocks 
in the fault zones hosting these complex slip 
behaviors has proved challenging because the 
SSE source depths are often inaccessible to 
direct sampling or drilling (13). One notable 
exception is the Hikurangi subduction zone 
offshore New Zealand, where regularly recur- 
ring shallow (<15 km) SSEs are well documented. 
We report on laboratory measurements of fric- 
tional healing conducted on samples of rock 
types involved in slow slip, obtained by drill- 
ing at the offshore Hikurangi margin. We then 
integrate these measurements with models 
of interevent tectonic loading and observa- 
tions of SSE stress drop. We show that the 
very low healing rates of fault zone materials 
along the megathrust, which are typical of 
clay-rich faults in both subduction zones and 
other geological settings, are a key ingredi- 
ent for the occurrence of recurring, frequent, 
small-stress-drop, slow slip transients. 


Tectonic setting of the northern 

Hikurangi margin 

Westward subduction of the Pacific plate 
beneath the Australian plate occurs along 
the northern Hikurangi Trough at 50 to 
60 mm/year (/4) (Fig. 1, A and B). The sub- 
ducting plate is primarily composed of the 
Hikurangi Plateau, a Cretaceous large igneous 
province, and is overlain by ~1 km of volcani- 
clastic, pelagic, and siliciclastic sediments (12). 
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The northern Hikurangi margin represents an 
ideal natural laboratory to investigate the 
origin of slow earthquake phenomena, owing to 
the shallow source depth of regularly recurring 
SSEs, which has enabled a host of high-resolution 
near-source geophysical investigations, as well as 
acquisition of host rock samples by drilling (5). 
The shallow SSEs here originate at depths of 2 to 
15 km (22, 13), in a structurally complex region of 
seamount subduction (Fig. 1C) and intervening 
areas of high-amplitude seismic reflectivity 
and low seismic velocity (5, 16), with the latter 
usually inferred to represent elevated pore- 
fluid pressure (16). These SSEs propagate to 
within a few kilometers of, and possibly to, the 
trench (73); recur every 1 to 2 years; and last 
for a few weeks (Fig. 1, D and E), during which 
the plate interface experiences slip rates of 
~1 cm/day (15, 17). The SSEs are character- 
ized by small stress drops (<10 kPa) and a 
range of energy release equivalent to that for 
moment magnitude (M,,)~6 to 7 earthquakes 
(18). Microseismicity and tremor have been 
documented along and above the plate inter- 
face during and after the shallow SSEs (5). 
The megathrust in this region has also hosted 
two tsunami earthquakes (long-duration elasto- 
dynamic earthquakes with slow rupture veloc- 
ities of ~1 km/s) in 19477 (79). Thus, the shallow 
megathrust here is home to a rich variety of slip 
modes that appear to interact in complex ways 
in space and time. 

International Ocean Discovery Program (IODP) 
Expedition 375 sampled Cretaceous volcani- 
clastic conglomerates overlying the subduct- 
ing Hikurangi Plateau at Site U1520, located 
~10 km east of the trench (Fig. 1, A to C). Seismic 
imaging indicates that these materials are 
entrained along and eventually form the shal- 
low megathrust here (72, 20). The margin is 
characterized by low heat flow, with tempera- 
tures on the megathrust expected to remain 
<150°C at a distance of =70 to 100 km from the 
trench (27). Thus, the frictional and rheologi- 
cal properties of the volcaniclastic material 
recovered at Site U1520 are likely represen- 
tative of those along the shallow megathrust 
(to ~10- to 12-km depth), well into the source 
region of regularly recurring SSEs. 


Frictional healing, fault failure, recurrence, 
and stress drop 


Frictional healing describes the ability of a 
material to restrengthen frictionally over time 
and is a prerequisite for repeating stick-slip 
(seismic) failure of faults because it allows 
interseismic coupling and elastic strain accu- 
mulation (22). Healing is thought to reflect a 
time-dependent increase in asperity contact 
area at the micro- to nanoscopic scales (22). 
In the laboratory, frictional healing is commonly 
measured via slide-hold-slide (SHS) tests (23) 
and typically increases log-linearly with time 
(22). Healing (8) is usually reported as the 
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Fig. 1. Tectonic setting of the Gisborne area shallow slow slip events. (A) Bathymetric map of the 


modified from (12)] showing the plate interface (bold 


hypocenter of the 1947 tsunami earthquake. (D) Slip d 


northern Hikurangi margin showing the trench (bold black curve), depth to the plate interface (dashed 
contours), slip contours of the 2014 SSE in millimeters (black, as labeled), location of the O5CM-04 seismic 
ine (black line), and locations of IODP expedition 375 drill sites (red circles) [modified from (12)]. Hypocenter 
of the 1947 tsunami earthquake (blue star), tremor activity (small yellow circles), and microseismicity 
(white stars) are also shown. (B) Regional tectonic map showing the Pacific plate subducting beneath the 
Australian plate, forming the northern Hikurangi margin. (C) Interpretation of the O5CM-04 seismic line 


black line), active upper-plate splay faults (red lines), 


and location and depth extent of IODP drill site U1520. The blue star at a depth of ~6 km represents the 


uration and (E) Spatiotemporally averaged stress drop 


of the quasiperiodic SSEs rupturing the Gisborne patch from 2002 to 2016 (table S2). 


rate of increase in fault strength (or friction) 
per logarithmic (10-fold) increase in time. 
We analyze the SHS experiments conducted 
by (10) on Cretaceous volcaniclastic sediments 
from Site U1520 (Fig. 2A). Modal compositions 
of these samples (table S1) (24) determined 
from x-ray diffraction indicate that they contain 
>55 wt % clay minerals and that the clay is 
dominantly smectite. These experiments were 
performed on water-saturated gouges under an 
effective normal stress of 25 MPa, pore pres- 
sures of 5 to 10 MPa, and for driving velocities 
of 1 to 30 um/s. These experimental boundary 
conditions were selected to best represent 
appropriate conditions of stress and sliding 
velocity at shallow SSE source depths along 
the subduction megathrust. The healing 
rates inferred for these materials (B < 10“, Fig. 
2B) represent some of the lowest values of 
fault healing reported for fault rocks and are 
more than 10 to 100 times below those com- 
monly reported for carbonates and tectosili- 
cates (25). Our observations are consistent 


phyllosilicate-rich synthetic and natural fault 
gouges, including smectite and serpentinite 
(25, 26) (Fig. 2B). 

We compare these frictional healing rates to 
average stress drops reported for repeating 
shallow SSEs that ruptured the Gisborne patch 
(18) (table S2) (Figs. 1 and 2). Seismic evidence 
indicates that the materials participating in 
shallow SSEs here may be compositionally 
similar to the input materials that were fric- 
tionally tested (12, 20). Although we have 
incomplete knowledge of the exact in situ 
effective stress (Gers) along the shallow SSE 
source fault (2, 12, 15), indirect observations 
strongly suggest significant overpressure along 
the plate interface (2, 5). To honor these obser- 
vations and also allow for reasonable uncer- 
tainty in Ge, we convert the friction drop from 
SHS experiments to a stress drop (Fig. 2C) by 
considering a range of pore-fluid overpressure 
values along the plate interface of i = 0.8 to 
0.95 (where A = P;/P;, and P; and P,; are the 
fluid and lithostatic pressures, respectively) 


with near-zero healing rates documented in 
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(23) (fig. S1). 
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The laboratory data for the frictionally weak 
volcaniclastic conglomerates are in excellent 
agreement with the geodetically defined stress 
drops for the Gisborne shallow SSEs (Fig. 2C). 
Together, these analyses suggest near-zero fric- 
tional restrengthening rates. In comparison, 
repeating earthquakes along the Calaveras fault 
exhibit substantially higher stress drops (1 to 
10 MPa) that are strongly correlated with repeat- 
ing earthquake recurrence intervals (Fig. 2C), 
increasing by nearly 2 MPa per 10-fold in- 
crease in time (27). SHS experiments on the 
predominantly quartzofelspathic material 
recovered from the Calaveras fault indicate 
correspondingly high frictional healing rates 
of ~0.007 (28), at least two orders of mag- 
nitude higher than the healing rates we re- 
port for the Hikurangi megathrust materials 
(Fig. 2B). Along the San Andreas Fault, ex- 
perimentally estimated frictional healing 
rates on materials recovered from drilling 
are also in agreement with both the recur- 
rence and stress drop of small repeating earth- 
quakes along bounding faults and with the 
creeping behavior of the central deforming 
zone (25, 26, 28). 


Competition between loading and healing on 
the shallow subduction megathrust 


To further explore the role of the experimen- 
tally observed near-zero healing rates in govern- 
ing event recurrence and strain accumulation 
and release, we consider the balance between 
tectonic loading and healing rates. We com- 
pute loading rates along the plate interface 
using a two-dimensional (2D) numerical 
model of the margin that incorporates heter- 
ogeneous elastic properties, which are well 
constrained by geophysical surveys (29) (Fig. 3, 
Aand B) (23). We then compare these loading 
rates to the event-averaged stress drop and 
recurrence intervals of the ~10-year sequence 
of observed Gisborne slip events (Fig. 3C). The 
latter assumes that all of the strain energy 
accumulated during an interevent period is 
released during slip. 

The numerical model predicts tectonic stress- 
ing rates ranging from 30 kPa/year at 95 km 
from the trench (near the downdip edge of the 
SSE region) to 0.3 kPa/year at 30 km (the updip 
end of the likely SSE source region), with an 
average loading rate of ~4.5 kPa/year over the 
outer ~65 km of the megathrust (Fig. 3B). Event- 
based estimates of stress accumulation rates 
using observed stress drops and recurrence 
intervals for each SSE range between 1 to 
30 kPa/year, with an average of ~9 kPa/year 
across the seven events (Fig. 3, B to C). The two 
estimates of tectonic loading rates are in excel- 
lent agreement and suggest that on average, 
the loading rate along the shallow megathrust 
is ~4 to 10 kPa/year. The slip distributions for 
most offshore Gisborne SSEs are poorly con- 
strained, with the exception of the most recent 
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and uss shows little or no correlation with hold time. Error bars quantify electrical noise in 
the load cell and represent the limit of resolution of the friction drops. Fiducial lines show three different 
healing rates representing a range of values reported in prior studies (25), as well as values encompassed by 
the experiments reported here. Gray line represents the friction drops from SHS experiments conducted on 
samples from the Calaveras fault (25), where seismic repeaters have been observed. Pink area shows the 
ange of values reported from SHS experiments conducted on smectite-rich San Andreas Fault Observatory 
at Depth (SAFOD) Central Deforming Zone (CDZ) cuttings (26, 28). Light blue region represents changes in 
steady-state friction coefficient from pre- to posthold reported by (10). (€) Changes in stress drop versus 
ecurrence interval for the Gisborne SSEs and versus hold time for the experimental data. Stress drops for 


experimental data are calculated as the product of friction drop and effective stress for three different 
degrees of overpressure. Gray triangles represent stress drops estimated from the seismic source for 


Calaveras repeaters (27). 


events, for which seafloor geodetic data were 
available (73). This makes a precise compari- 
son of the stress drops in the events with the 
predicted loading rates for an identical fault 
region difficult. Nonetheless, our results are 
consistent with similarly small loading rates in 
the outer forearc at the Nankai margin (30). 
Frictional restrengthening increases logarith- 
mically with time (as B x Gg), Whereas the shear 
stress borne by the fault increases, to first order, 
linearly with time as a function of tectonic 
loading, which in turn is a function of rock 
and fault elastic properties, geometry, and 
plate convergence rate (Figs. 2 and 3). Ata 
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given location, and in the absence of addi- 
tional loading—for example, associated with 
slip of adjacent fault patches—the fault reaches 
a threshold for failure when the accumulated 
stress exceeds the fault strength (or when the 
interevent loading exceeds the amount of fric- 
tional restrengthening; Fig. 4, A to C). In this 
simplified framework, the time to failure repre- 
sents the recurrence interval and the stress at 
failure is the average stress drop of a quasiperi- 
odic event. Here, we combine our numerically 
determined loading rates (Fig. 3) with a re- 
strengthening model to understand the size 
and recurrence of time- and slip-predictable 
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events both through time at specific locations 
(Fig. 4, A to C) and as a function of position 
along the megathrust (Fig. 4, D to F). 

Both tectonic loading and fault healing 
increase with depth along the plate inter- 
face (Figs. 2 and 3). As noted above, without 
strong constraints On Oeg, we consider a 
range of likely pore-fluid pressure ratios based 
on geological and geophysical inferences (2, 5) 
(Fig. 4 and fig. S2). We evaluate the competi- 
tion between the loading rate and healing— 
and thus the expected recurrence and stress 
drops of repeating fault failure events—as a 
function of distance from the trench by con- 
sidering the spatial distribution of excess 
strength at different times. We do so for a 
range of likely pore-fluid pressures (and by 
PYOXy Ger), aS Well as for a range of f that are 
consistent with our data. Because our exper- 
imental data provide only an upper bound 
on B, we explore values in the range of B = 3 x 
10° to 3 x 10°, representing up to 1.5 orders 
of magnitude lower than this upper bound. 

We illustrate the competition between load- 
ing and restrengthening at three representa- 
tive locations along the plate interface, i.e., 25, 
50, and 75 km from the trench (Fig. 4, A to C) 
for an effective stress profile corresponding to 
i = 0.9. At 75 km from the trench, well within 
the SSE source region, the plate interface 
experiences tectonic loading of ~3.5 kPa/year 
(Fig. 3B). For our upper bound of B (3 x 10~°), 
we predict a recurrence interval of 2.3 years, 
with events having average stress drops of 
~8 kPa; the lowest value of B (3 x 107°) that 
we consider yields events with recurrence in- 
tervals of 3 to 4 months and <1 kPa stress drops 
(Fig. 4A). Closer to the trench, at a distance of 
25 km, the loading rate on the plate interface 
is much lower (0.3 kPa/year). As a result, for 
our upper bound on f, we predict considerably 
longer times to failure (15 years) and stress 
drops of 4 kPa (Fig. 4C). Our lower bound 
on Byields recurrence intervals of ~1.3 years 
and stress drops of ~0.4 kPa. 

Low 8B (<10*), coupled with the slow loading 
rates on the shallow plate interface, suggest 
that the fault is likely to fail in repeating, fre- 
quent (1- to 3-year) events, with small maxi- 
mum total slip (on the order of a few to ~10 cm), 
on the basis of the slip deficit accrued during the 
interevent time and on low stress drops (on the 
order of a few to ~10 kPa). Although 8 and Gee 
are not perfectly constrained, other combina- 
tions of these parameters (fig. S2) yield similar 
outcomes. The observed recurrence and stress 
drops in the Gisborne SSEs are most consistent 
with scenarios presenting modest-to-high fluid 
overpressure (A > 0.8), although near-lithostatic 
pressures are not required (fig. S2). Also, Be- 
cause the rate of fault restrengthening (f x Ge) 
scales with effective normal stress, this frame- 
work provides a mechanism, in addition to 
conditional frictional stability (2, 7), that links 
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Fig. 3. Inter-SSE loading rates in the northern Hikurangi margin. (A) An illustration of the O5CM-04 
line showing upper-plate splay faults (red curves), the hypocenter of the 1947 tsunami earthquake (red star), 
a subducting seamount, and the likely shallow SSE rupture region (thick yellow bars). (B) Annual tectonic 
loading rates (for convergence at 50 mm/year) along the O5CM-04 seismic transect, computed from 2D 
finite-element numerical model in Pylith (29). Loading rates increase from ~0.15 kPa/year near the trench to 
~30 kPa/year at a depth of 15 km. (€) Tectonic loading rates constrained from the Gisborne SSEs as the 
ratio of average stress drops and interevent times. The black (~4.5 kPa/year) dashed line shows average 


loading rates from models. 


elevated pore pressure with frequent small- 
stress-drop events, as is commonly postulated 
or inferred for SSEs (5). 

We evaluate the spatial variation of this 
competition in more detail by considering the 
strength excess along the plate interface, 
defined as the difference between strength 
(or amount of restrengthening) and accumu- 
lated tectonic stress at different times (Fig. 4, 
D to F), ie., after 1, 2, and 3 years, for an 
effective stress profile corresponding to A = 0.9 
(fig. S1). A positive strength excess represents a 
fault that has healed more than it has been 
loaded tectonically, indicating that it is still far 
from failure. Conversely, a negative strength 
excess indicates a fault that has already failed 
because it has experienced more tectonic stress- 
ing than restrengthening. For the case where B < 
3 x 10°°, the strength excess is nearly zero to a 
depth of ~8.5 km (corresponding to distances 
~0 to 50 km from the trench), indicating that 
the ultralow healing rates of the SSE source at 
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such shallow depths may allow it to fail fre- 
quently (ie., on a time scale of months or 
shorter) and with very small (sub-kilopascal) 
stress drops (Fig. 4, D and E). Further landward 
from the trench and deeper, the strength excess 
reaches zero after 1 to 3 years, which is in good 
agreement with the recurrence intervals of the 
shallow SSEs here. 

An additional complexity in extrapolating 
healing rates to natural faults arises because 
some studies indicate that healing (6) may 
vary with effective stress, temperature, and 
lithology (0, 31, 32). This variation is cap- 
tured across the suite of cases that we ex- 
plore for values of 8 ranging from 3 x 10°° to 
3 x 10° (Fig. 4, A to F). Some studies in- 
dicate that experimental healing rates could 
increase with larger hold times (>3000 s) via 
pressure solution or other mechanisms, par- 
ticularly in strong quartzofeldspathic minerals 
(32, 33), whereas others indicate that healing 
rates may reduce over long time scales, par- 


17 February 2023 


ticularly for clay-rich materials as the quality 
and quantity of contact area becomes saturated 
(28). Here, in accordance with (25, 28), we 
consider a constant healing rate in mapping 
from the experimental to natural SSE time 
scales. In the constant B model (Fig. 4G, left), 
stress drops are relatively constant at ~6 to 
10 kPa regardless of the downdip location of 
the SSE source, but there is considerable 
variability in predicted recurrence intervals. 
If B increases with depth (Fig. 4G, right), we 
predict frequent (<9- to 14-months recur- 
rence) SSEs with stress drops of <1 kPa near 
the trench, and larger, less-frequent SSEs 
further downdip (~10 kPa, 1- to 3-year re- 
currence) at 10- to 15-km depth. The latter 
are detectable by traditional onshore geo- 
detic instruments (75), whereas the former 
may be detectable only by offshore borehole 
observatories near the trench (34). These 
small, frequent, slow transients, if real, raise 
the possibility of a spectrum of slip spanning 
from quasiperiodic creep or undulating slip 
on the shallowest reaches of the megathrust. 
These transients originate near the trench 
because, although loading is small, healing is 
negligible. This would result in a continuum 
from recurring larger SSEs farther from the 
trench transitioning to more frequent, smaller 
events near the trench. Moreover, depending 
on the timescale and nature of observations, 
these small, slow, and frequently repeating 
transients could present themselves as aseismic 
creep, particularly in the absence of continuous, 
near-field, and high-precision offshore moni- 
toring; in the limit as healing approaches zero, 
slip will occur via stable creep. In other words, 
when healing and loading are equivalently 
small, such as near the trench, aseismic creep 
and SSEs may be indistinguishable from one 
another. 

The small stress drops and small total slip 
predicted by low healing rates are also phys- 
ically consistent with fault failure via slow 
earthquakes or SSEs as opposed to rapid slip 
(35). Small stress drops and slip limit the 
stored elastic energy available for the accel- 
eration of slip, therefore favoring slip in slow 
motion and over a long duration (35, 36). 
Additionally, SSEs are thought to involve 
substantial ductile deformation that extends 
beyond a narrow slip zone (37), which would 
dissipate a substantial amount of energy off- 
fault, further reducing the energy available 
for propagating a dynamic rupture on-fault 
(38), and in turn, keeping any instability 
slow. Taken together, the recurring small stress 
drop events of <10 kPa (78) and velocity-neutral 
frictional stability of the volcaniclastic materials 
(0) indicate an inability of the SSE source 
region to heal between SSEs and an inability 
to nucleate large, dynamic earthquakes char- 
acterized by large fault slip and rapid slip 
velocities. 
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Fig. 4. A framework to quantify competition between tectonic loading and frictional healing. Tectonic 
loading as shown in Fig. 3 (black lines) and fault restrengthening (colored curves) as a function of time, for 
three different assumed healing rates (3 x 10°, purple; 1 x 10°°, orange; and 3 x 10°, green) at (A) 75 km, 
(B) 50 km, and (C) 25 km from the trench. Strength excess as a function of distance from the trench, 
after 1 year (dotted curve), 2 years (dashed curve), and 3 years (solid curve) for healing rates of (D) 3 x 10-6, 
(E) 1 x 10°°, and (F) 3 x 10° [same color scheme as in panels (A) to (C)]. (G) Simplified models of recurrence 
and stress drop for two scenarios of depth-varying healing, showing shear-stress variations over time. 
Constant healing with depth (left, light to dark blue) results in small-stress-drop events with large recurrence 
intervals near the trench; increasing healing rate with depth (right, gray to black) results in very-small-stress-drop 


events (~1 kPa) every few weeks or months. Effective s 


The prediction that a near-zero strength 
excess is attained simultaneously over a broad 
region of the plate interface (e.g., Fig. 4, D and 
E) also implies that the shallow megathrust 
reaches failure over a broad region. This is 
consistent with observations of shallow SSEs 
having a large slip patch with small total slip 
(35), because the low loading rates combined 
with low healing rates never allow for a large 
accumulation of slip deficit. In contrast, or- 
dinary earthquakes with similar amounts of 
slip (a few centimeters) commonly nucleate 
over much smaller areas (35). 

In addition to hosting SSEs, the northern 
Hikurangi margin (72, 73) and other shallow 
plate boundaries (2, 34, 39, 40) also host 
tsunami earthquakes, microseismicity, LFEs, 
VLFEs, and tremor. Carbonates, which are 
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ress corresponds to 2 = 0.90 for all panels. 


characterized by substantially larger B (10) 
(compare to Fig. 2) and capable of nucleating 
instabilities even at modestly elevated temper- 
atures (41, 42), are also present in the North 
Hikurangi SSE source region, though with less 
abundance than the volcaniclastics (0, 12, 41). 
This heterogeneity of lithology may provide 
one explanation for the diverse slip behaviors 
observed along the margin. For example, it 
raises the possibility that infrequent tsunami 
earthquakes could nucleate locally where 
strong and unstable materials such as carbon- 
ates are embedded and/or abundant within 
the broader SSE region (72). In this scenario, 
such ruptures could then propagate through 
the weak, phyllosilicate-rich volcanoclastic-rich 
portions of the megathrust (43), producing 
tsunami earthquakes (79). Alternatively, small 
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carbonate- or quartz-filled fractures along the 
décollement may be loaded during an SSE. 
This increased loading, coupled with the ele- 
vated healing rates of these materials, could 
result in tremorgenic failure that is spatiotem- 
porally colocated with SSE slip (34, 44). 

We integrate experimental measurements of 
healing and healing rates on relevant mega- 
thrust materials, a numerical model of fault 
loading, and observed shallow SSE source 
properties. Taken together, they indicate that 
low healing rates on weak faults are a key 
ingredient in the generation of frequent, low- 
stress-drop, recurring slip events with small 
amounts of total slip, such as those observed 
at the northern Hikurangi margin and many 
plate boundaries globally. Because the low 
rates of healing limit the stored strain and 
stress (and strain energy) available in the 
system, materials with low healing rates are 
likely to host SSEs, creep, and other slow earth- 
quake phenomena. Furthermore, because re- 
strengthening is controlled by the product 
of frictional healing and effective normal 
stress, our results highlight an additional path- 
way by which high pore pressure (or low ef- 
fective stress) may directly influence the size, 
frequency, and nature of failure, and ultimate- 
ly modulate the mode of failure in a host of 
tectonic and geologic settings, particularly at 
shallow depths (7). Weak phyllosilicate min- 
erals, which typically exhibit low healing rates, 
are common along shallow subduction mega- 
thrusts (2), raising the possibility that shallow 
SSEs and near-trench creep may be the norm 
at subduction zones and that the compara- 
tively limited observations of shallow SSEs 
at subduction zones globally may simply be a 
consequence of our inability to detect them 
with land-based geodetic networks. 
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Methylation of histone H3 lysine-79 (H3K79) is an epigenetic mark for gene regulation in development, 
cellular differentiation, and disease progression. However, how this histone mark is translated into 
downstream effects remains poorly understood owing to a lack of knowledge about its readers. We 
developed a nucleosome-based photoaffinity probe to capture proteins that recognize H3K79 
dimethylation (H3K79me2) in a nucleosomal context. In combination with a quantitative proteomics 
approach, this probe identified menin as a H3K79mez2 reader. A cryo-electron microscopy structure of 
menin bound to an H3K79mez2 nucleosome revealed that menin engages with the nucleosome using 

its fingers and palm domains and recognizes the methylation mark through a x-cation interaction. In cells, 
menin is selectively associated with H3K79me2 on chromatin, particularly in gene bodies. 


ethylation of lysine at various sites on 

histones regulates gene activation or 

repression, depending on which res- 

idues are modified and the degree 

of methylation (i.e., mono-, di-, or tri- 
methylation) (/, 2). Effector (or “reader”) proteins 
are key players that recognize histone methyl- 
ation and translate this information into down- 
stream gene regulation events to control gene 
expression (3). So far, readers of almost all his- 
tone methylation marks have been identified 
except for methylation at histone H3 lysine 
79 (H3K79). Although several “royal fam- 
ily’ modules containing proteins have been 
implicated to interact with this mark, robust 
evidence for the recognition is lacking (4-7). 
In mammals, DOTIL is the methyltransfer- 
ase that methylates H3K79 (mono-, di-, and 
trimethylation) (8, 9). The DOT1L-mediated 
H3K79 methylation is enriched at actively 
transcribed genes and is involved in the regu- 
lation of transcriptional elongation, DNA dam- 
age repair, and cell cycle progression (10-14). 
In higher eukaryotes, the H3K79 methylation 
level is exquisitely controlled during embryonic 
development and hematopoiesis (75). Perturba- 
tion of H3K79 methylation in mouse embryo 
leads to cardiovascular defects and anemia 
(16). Aberrant hypermethylation of H3K79 
was found to drive leukemogenesis in mixed 
lineage leukemia (MLL) (17). Despite the im- 
portant roles of H3K79 methylation, under- 
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standing of how this histone mark is translated 
downstream to regulate these processes is 
hindered by a lack of knowledge about the 
readers of H3K79 methylation. 


Design and synthesis of photocrosslinkable 
nucleosomes with H3K79me2 mark 


Identification of H3K79 methylation readers 
is challenging because the posttranslational 
modification (PTM)-mediated protein-protein 
interactions (PPIs) can be weak and transient. 
Recognition of H3K79 and its methylation is 
dependent on nucleosome context, because 
this residue is in the core region of the nu- 
cleosome within the well-defined quaternary 
structure. Indeed, DOTIL methylates H3K79 
only in an intact nucleosome but not in H3 
peptides or proteins (8). Therefore, a peptide- 
based biochemical “pull-down” may not be 
suitable. We thus designed a multifunctional 
synthetic nucleosome (probe N1) that carries 
a site-specific dimethylation on H3K79 at a 
stoichiometric level. The probe also consists 
of a cleavable photoaffinity handle contain- 
ing a photoreactive group (i.e., diazirine) that 
can convert noncovalent weak interactions 
into irreversible covalent linkages upon ultra- 
violet (UV) irradiation, a biorthogonal han- 
dle (i.e., alkyne) that facilitates the isolation of 
cross-linked proteins, and a disulfide linkage 
that allows the release of cross-linked peptides 
for mass spectrometry (MS) analysis (Fig. 1, 
A and B). To ensure photocrosslinking effi- 
ciency and specificity, this trifunctional handle 
was placed at H3D81 position. This location 
is close to H3K79 and less likely to interfere 
with the histone-histone or histone-DNA in- 
teractions within the nucleosome, according 
to the crystal structure of the nucleosome (78) 
(fig. SIA). 

To prepare probe N1, we first performed a 
multistep semi-synthesis to assemble Xaenopus 
laevis histone H3K79me2 (D81ADdis-Cys, 
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C110A) (probe H1) through expressed protein 
ligation (79) (Fig. 1C). The N-terminal fragment 
(F1, residues 1 to 74) was produced recombi- 
nantly as an intein fusion to yield an o-thioester 
at its C-terminal residue, whereas the central 
segment containing K79me2 (F2, residues 75 to 
80, A75C) was synthesized through Fmoc solid- 
phase peptide synthesis as an acyl hydrazide. 
The C-terminal fragment (F3, residues 81 to 
135, D81C, C110A) was prepared recombinantly 
as a SUMO fusion, which was cleaved by Ulp1 
to expose the N-terminal cysteine. The three 
fragments were joined by native chemical liga- 
tion (NCL) (20) in an N-to-C manner. After the 
first ligation, desulfurization yielded a new 
N-terminal fragment containing K79me2 (F1-2, 
residues 1 to 80), leaving the inert acyl hydra- 
zide unaffected. Subsequent activation of the 
C-terminal acyl hydrazide by NaNO, oxidation 
and 4-mercaptophenylacetic acid (MPAA) thi- 
olysis generated a new o-thioester for the 
second NCL to produce H3K79me2 (D8IC, 
Cl110A) (fig. SIB). Taking advantage of the 
ligation “scar,” in which the cysteine at residue 
81 is the only cysteine in the ligation product, 
we installed the trifunctional handle at this 
position through an asymmetric disulfide ex- 
change reaction with a 5-nitropyridyl-2-sulfenyl 
(Npys)-activated diazirino alkynyl hetero di- 
sulfide (Npys-Dzyne) to produce the desired 
product, H3K79me2 (D81ADdis-Cys, C110A) 
(probe H1). The identity of the product and the 
site-specific incorporation of the dimethyl 
lysine together with the trifunctional handle 
were confirmed by liquid chromatography- 
tandem mass spectrometry (LC-MS/MS) (Fig. 1, 
D and E). As acontrol protein probe, unmod- 
ified histone H3 (D81C, C110A) was expressed 
and purified from bacteria, followed by func- 
tionalization with Npys-Dzyne (fig. S1, C and 
D). Using a similar strategy, we also prepared 
H3K79me?2 (C110A) without photocrosslinker 
(fig. S1, E and F). The synthesized dimethy- 
lated and unmodified H3 protein probes were 
then incorporated into mononucleosomes 
to generate probes N1 and Nic, respectively 
(Fig. 1, A and F). 


Identification of menin as an 
H3K79me2-dependent nucleosome binder 


We performed a standard cross-linking-assisted 
and SILAC-based protein identification (CLASPI) 
(21) experiment using probes N1 and Nic in 
both a “forward” and “reverse” manner. Pro- 
teins that preferentially bound to the K79- 
methylated nucleosome (probe N1) over the 
unmodified nucleosome (probe Nic) should 
have a higher SILAC H/L (heavy/light) ratio 
in the forward setting and a higher L/H ratio 
in the reverse setting (Fig. 2A). Most cap- 
tured proteins in the CLASPI experiment 
showed little difference in binding to probes 
Niland Nic. However, menin was preferen- 
tially enriched by probe N1 (Fig. 2, B and C), 
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Fig. 1. Development of nucleosome-based photoaffinity probes. (A) Illustration and partial structure 

of probes N1 and Nic. (B) Workflow for H3K79me2 “reader” identification using probe N1. (C) Synthetic 
route to generating histone H3K79me2 (D81ADdis-Cys, C110A) (probe H1). (D) ESI-MS analysis of 

probe HI. (E) A representative MS/MS spectrum of probe H1, 7°LVREIAQDF Kme2 T ADdis-Cys LR®?, 

C* ADdis-Cys. (F) The quality of purified nucleosome probes N1 and Nic examined by native polyacrylamide 
gel electrophoresis. The gel was stained by ethidium bromide. Red arrow, reconstituted nucleosome 
probes. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val: 


W, Trp; and Y, Tyr. 


suggesting that it may recognize the H3K79me2 
mark on the nucleosome. The selective cap- 
ture and enrichment of endogenous menin 
by the methylated nucleosome probe N1 was 
confirmed by the immunoblotting analysis 
(Fig. 2D). 


Menin is associated with H3K79me2 
nucleosomes in cells 


To further validate the interaction between 
menin and the H3K79me2 nucleosome in 
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cells, we overexpressed FLAG-tagged menin 
in human embryonic kidney 293T (HEK293T) 
cells and examined whether it could act as a 
“bait” to pull down nucleosomes in an H3K79 
methylation-dependent manner. We isolated 
nuclei from the cells and treated them with 
micrococcal nuclease (MNase) to generate the 
mononucleosomes, which were then subjected 
to immunoprecipitation using anti-FLAG M2 
magnetic beads (fig. S2A). The immunoblot- 
ting analysis using the anti-H3 antibody 
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revealed that the mononucleosomes were 
indeed enriched by FLAG-menin, confirm- 
ing the association of menin with the nu- 
cleosome. The amount of mononucleosomes 
enriched by FLAG-menin decreased after 
cells were treated with EPZ5676, a DOT1L 
inhibitor (22) that reduces cellular H3K79me2 
level. By contrast, more nucleosomes were en- 
riched by FLAG-menin when the H3K79me2 
level was increased by overexpressing DOT1L 
in the cells (fig. S2B). These results indi- 
cate that the interaction between menin and 
the nucleosome is likely mediated by H3K79 
dimethylation. 


Menin selectively binds to H3K79me2 
nucleosomes in vitro 


We next examined whether menin could di- 
rectly and selectively bind to H3K79me2 nu- 
cleosome. To this end, a photocrosslinking 
experiment was performed with the recom- 
binant menin protein in vitro. As expected, 
probe NI captured menin more efficiently than 
probe Nic (Fig. 2E), validating the methylation- 
dependent association of menin to the nucleo- 
some. Menin was robustly captured by the 
nucleosome-based probe NI but was not 
captured by the H3 protein-only probe H1 
(fig. S2C), indicating that the binding of menin 
to H3K79me2 requires an intact nucleosome. 
The selective binding of menin to H3K79me2 
nucleosome was also confirmed by nucleosome- 
based probes N2 and N2c without photoaffinity 
handles (Fig. 2F and fig. S2, D and E). To deter- 
mine whether menin formed a stable complex 
with the H3K79me2 nucleosome, we performed 
an electrophoretic mobility shift assay (EMSA) 
using H3K79me2 nucleosome probe N3, which 
contains Cy5-labeled DNA (Fig. 2G and fig. S2, 
F and G). We observed a new band with lower 
mobility, indicating the formation of a stable 
menin-nucleosome complex with probe N3. 
The dissociation constant was estimated to be 
~6.4 uM (Fig. 2H). 


Structural overview of menin bound to 
H3K79me2 nucleosome 


To understand the molecular basis for how 
menin recognizes the H3K79me2 mark on 
nucleosome, we reconstituted the menin- 
H3K79me2 nucleosome complex (hereafter 
“Menin-H3K79me2”) (fig. S3, A to C), cross- 
linked by GraFix (23), for structure deter- 
mination using cryo-electron microscopy 
(cryo-EM). We obtained an H3K79me2 nu- 
cleosome structure at 2.9-A resolution and 
a Menin-H3K79me2 nucleosome structure 
at ~3.2-A resolution (fig. S3, D to O). Inthe 
Menin-H3K79me2 structure, menin binds 
to only one face of the nucleosome disk (fig. 
S3D and movie S1), covering almost half of the 
nucleosome face (Fig. 3, A to D) and adopting 
a conformation similar to that of a previous 
crystal structure of menin (24). 
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Fig. 2. Identification of menin as an H3K79me2-binding protein in a nucleoso- Nlc. Rho, rhodamine fluorescence signal; CB, Coomassie blue staining. (F) Non- 

mal context. (A) Workflow of the CLASPI approach to identify H3K79mez binders. crosslinking pull-down revealed interaction between menin and nucleosomes. (G) EMSA 

(B) Two-dimensional plot showing that menin stands out from the forward and reverse __ result of Cy5-labeled H3K79me2 nucleosome probe N3 titrated with menin. 

CLASPI experiments. Data from table S1 are used. (C) A representative MSl spectrum — (H) Measurement for the binding affinity of menin toward the H3K79me2 nucleosome 

from menin in CLASPI experiments. (D) Pull-down of menin by probes N1 and Nic in the EMSA assay. Relative intensities of the complex band were plotted against the 

in nuclear extract. (E) Photocrosslinking assay of recombinant menin by probes Nl and concentration of menin. Error bars represent mean + SE (n = 3 biological replicates). 
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Fig. 3. Overall structure of menin-H3K79me2 nucleosome complex. (A and B) Top (A) and side (B) views of the segmented cryo-EM map of menin-H3K79me2 nucleosome 
complex. (C and D) Same as (A) and (B), respectively, but shown with the atomic model. (E) Schematic domain organization of menin. (F) Overview of the nucleosome-bound menin 
structure shown in a cartoon view. The different domains are colored as indicated. (G to J) H3K79me2 recognition mediated by the fingers and palm domains of menin. 
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H433 of menin is a key residue for the 
recognition of H3K79me2 via 

a r-cation interaction 

Menin binds to H3K79me2 nucleosome through 
its fingers and palm domains (Fig. 3, E to J). The 


Palm K362 
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fingers domain engages with the C-terminal 
a helix of H2B (H2B aC) mainly through three 
hydrogen bonds on top of the four-helix bun- 
dle between H2B and H4 (Fig. 4, A and B, and 
fig. S3P). This docking is further reinforced 


by the palm domain through its C-terminal 
long helix forming four hydrogen bonds with 
the H3 L1 loop and a1 helix (Fig. 4, C and D, 
and fig. S3Q). These interactions together place 
menin in a position to capture the side chain of 
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Fig. 4. Menin “reads” H3K79me2 through a x-cation interaction with H433 
from its fingers domain. (A and B) The fingers domain of menin engages 
with the C-terminal a helix of H2B. Magnified view of the boxed region highlights 
the interaction details. The hydrogen bonds are indicated by dashed lines. 
Interatomic distances are shown in angstroms. (€ and D) Menin’s palm domain 
interacts with H3 L1 loop through forming four hydrogen bonds, while H433 
from its fingers domain recognizes H3K79me2 through x-cation interaction. 

(E) Magnified view of the z-cation interaction between menin H433 and H3K79me2. 
The side chains of H433 and V434 and the methylammonium moieties of 
H3K79mez are highlighted by the dotted van der Waals radius representation. 
(F) Photocrosslinking assay of recombinant wild-type, V434G, and H433A menin 
by probe N1 and Nic. Rho, rhodamine fluorescence signal; CB, Coomassie 
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blue staining. (G) The workflow used to map the H3K79me2-binding sites of 
menin. (H) A representative MS/MS spectrum for identified SC-OH-labeled menin 
peptide, °°°EFF(SC-OH)EVANDVIPNLLK*””. (I) Mapping of the identified H3K79me2- 
binding sites of menin to our structure in surface representation. H3 Loop 

L1 is shown in cartoon view except that H3K79me2 and H3D81 (where the 
photocrosslinker is incorporated) are shown in stick format. The heatmap is 
generated based on the MS/MS counts of “SC-OH" labeled residues (data from 
table S2). MLL1 from the crystal structure of menin-MLLI-LEDGF (PDB: 3U88), 
superimposed with our structure, shown in cartoon view. (J) Superimposition of 
the structures of menin-H3K79me2 nucleosome and menin-MLLI-LEDGF (PDB: 
3U88) using menin as a reference. (K and L) Photocrosslinking assay of menin 
by probe N1 in the presence of MLL1-MBM (K) or menin-MLL1 inhibitors (L). 
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the H3K79mez2 (Figs. 3 and 4). It thus stabilizes 
the methylammonium moieties of H3K79me2 
by both z-cation and hydrophobic interactions 
with H433 and V434 from its fingers domain 
(Fig. 4, D and E). Of note, menin binding does 
not induce obvious conformational changes in 
histones (fig. S4). Consistent with this obser- 
vation, the H3K79me2 nucleosome probe N1 


showed a largely reduced cross-linking effi- 
ciency toward a menin H433A mutant, when 
compared with the wild-type (Fig. 4F). The un- 
modified nucleosome probe Nic, which cap- 
tured menin at much lower efficiency (Fig. 2E), 
showed little preference for capturing the wild- 
type or the mutated menin (Fig. 4F). Mutation 
of V434 to glycine, however, did not affect the 


binding, suggesting that the hydrophobic in- 
teraction mediated by V434 is not essential for 
H3K79me2 recognition (Fig. 4F). Together, 
these data demonstrate the key role of H433 
of menin in the recognition of the H3K79me2 
mark on nucleosome. Our attempt to assemble 
menin onto the unmodified nucleosome for 
structural determination was unsuccessful 


A B Cc chr8: 90,553,762 - 90,714,321 (hg38) 
€0.8 -e H3K79me2 
= ae -» MLL1 - 
EI —menin fos  H3K4me3 _—-H3K79me2 DMSO 4 
£ —H3K79me2| 8 15 
a 204 ; | 
ra ae H3K79me2 EPZ5676 0 
o 2 15 
q % 0.2 : 
S 5 menin DMSO 4 ; 
= red 0.0 15 
5 % OD © AD nO OD AO LD i 
5.0 TSS TES 5.0kb oe ooo oeonh oo menin EPZ5676 al ; | tid dl 
> Se ee TMEM 64m 
D E H3K79me2 ChIP menin ChIP F 
: ead eae and or seks ian m H3K79me2-DMSO_ mi H3K79me2-EPZ5676 
menin ChIP ee res re re ee | 40 wee 
{e) 1 
1.5 D H 
Ss — DMSO = 1 1 
a fal 1 
SI — EPZ5676 oS \ 
— 1.0 c 0 Geel bg siete ete 
o Re ! 
= ' 
S05 fh -1 
x — ' 
L. N -2 1 
+ 0.0 8 e é 
' Q Q 
-5.0 TSS 20.0kb -3 BK eC \. g 
141-242 545 141-242 -5 45 ¢ er Ue A 
Distance from TSS (kb) 
I 
Intergenic enhancers 
Non-TSS > (Cluster 3) 
lel 17177 Occupied by menin 
Bae — > ante tee bes (Cluster 1) 
P (enhancers) 5209 
47707 ; 
30405 Intragenic enhancers 
al 13228 
Not Occupied by menin 
(Cluster 2) 
8019 
Cluster 1 Cluster 2 S 
7) 
3 4 
584573 824 a 
oO 
& 
637 6 2 
413 530 o 
— 
N 
3653 D> 9 
Cluster 3 4 


Cluster 1 Cluster 2 Cluster 3 


Fig. 5. Menin colocalizes with H3K79me2 at intragenic enhancers and 
regulates gene transcription. (A) Menin and H3K79me2 loga(ChIP-seq/Input) 
signal across the gene body. (B) Linear regression coefficient of H3K79mez2, 
H3K4me3, and MLL1 ChiP-seq signal/input against MEN1 ChIP-seq/input from 
the promoter (-1 kb to TSS) through the gene body. (C) ChIP-seq signal of 
H3K79me2 and menin with dimethyl sulfoxide (DMSO) and EPZ5676 treatment 
at the TMEM64 locus. (D) Menin logo(ChIP-seq/Input) signal with (EPZ5676) and 
without (DMSO) Dot1L inhibitor treatment across the gene body. (E) Box plot 
illustrating average logo(EPZ5676/DMSO) signal over 1, 2, and 5 kb upstream 
and downstream regions from the TSS. (F and G) ChIP-qPCR analyses showing 
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the changes in chromatin loci of H3K79me2 (F) and menin (G) on the indicated 
intragenic regions upon EPZ5676 treatment (n = 6 biological replicates). (H) ChIP- 
qPCR analyses of cells stably expressing wild-type menin or menin H433A on the 
indicated intragenic regions (n = 6 biological replicates). (I) Schematic diagram 
illustrating how different categories of enhancers are defined. (J) Venn diagram 
showing overlap of genes associated with enhancers from different clusters. (K) Violin 
plot of RNA-seq data representing differential gene expression [logs(EPZ5676/ 
DMSO)] with specific genes from each cluster (****P < 0.0001). Only significantly 
differentially expressed genes (adjusted P value < 0.05) are included. Error bars 
indicate +SE.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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(fig. S3, R and S), likely owing to a largely 
reduced stability of the menin-nucleosome 
complex in the absence of H3K79 methyla- 
tion. Unlike readers of lysine methylation on 
histone tails, which often capture the methyl- 
ammonium moiety using an “aromatic cage” 
constituted with two to four aromatic residues 
(25), menin recognizes H3K79me2 by n-cation 
interaction with only one aromatic residue, 
H433. This binding is likely further enhanced 
by the extensive interactions of menin with 
histones H3 and H2B of the nucleosome to 
confer a specific H3K79me2 recognition in a 
nucleosomal context. 


Menin binds H3K79me2 nucleosome and MLL 
using two different pockets 


To provide another line of structural infor- 
mation, we mapped the binding site of menin 
using our photocrosslinking strategy (26). The 
trifunctional handle of probe N1 enabled cross- 
linking of the H3K79me2-binding region of 
menin for enrichment and allowed the release 
of the cross-linked fragment for MS analysis 
(Fig. 4G). Notably, only one peptide containing 
four putative cross-linked residues (E363, F364, 
F365, E366) was identified in the MS analy- 
sis (Fig. 4H), indicating that the binding was 
highly specific. We mapped these cross-linked 
residues onto the cryo-EM structure of menin- 
H3K79me2 nucleosome. The cross-linked resi- 
due with the highest MS/MS count, F365, was 
indeed close to the H3D81 position where the 
photoreactive warhead was installed (fig. S5, A 
to C). Considering that the photocrosslinking 
reaction is highly sensitive to distance, the 
in-solution structural features of menin at its 
H3K79me2-binding pocket revealed by the 
photocrosslinking assay agree well with the 
solved cryo-EM structure. Of note, the binding 
sites were located at the boundary between 
the palm domain and the fingers domain but 
distal to a conserved binding pocket of sev- 
eral known menin-interacting proteins such 
as mixed lineage leukemia protein-1 (MLL1) 
(24) (Fig. 41). 

In addition, we also performed a structural 
comparison between the crystal structure of 
menin-MLLI-LEDGF (PDB: 3U88) (24) and 
our menin-H3K79me2 nucleosome structure. 
From Fig. 4J and fig. S5, D to I, itis apparent 
that the overall architectures of menin from 
these two structures are similar, suggest- 
ing that nucleosome binding does not cause 
a major conformational change in menin. 
Whereas menin is recruited onto the H3K79me2 
nucleosome via its fingers and palm domains, 
MLLI-LEDGF mainly associates with the palm 
and NTD domains. MLL1 embeds its N-terminal 
menin-binding motif (MBM) deeply into the 
peptide binding pocket of the palm domain 
of menin, further extending its remaining part 
onto the surface of the NTD domain to reach 
LEDGF on the side far away from the site for 
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nucleosome binding. This structural analysis 
suggests that menin is capable of binding to 
both nucleosome and MLLI-LEDGF at the 
same time without steric clash. Indeed, MBM 
of MLL1 ((RWRFPARPGTTGGGGGGGRR”’) 
and known menin-MLL1 inhibitors (VTP50469, 
MI-3, and MI-463) (27-29) did not abolish the 
menin-H3K79me2 nucleosome interaction in 
our photocrosslinking experiment (Fig. 4, K 
and L). Additionally, the interaction between 
menin and MLLI was also not affected by 
mutating menin’s H3K79me2-recognition resi- 
due (H433A) (fig S5, J and K), corroborating 
that menin has two independent binding 
pockets for MLL1 and H3K79me2 nucleosome. 
Together, these results suggest that the NTD 
and palm domains of menin might be impor- 
tant for recruiting menin’s associating factors 
such as JunD or MLL1 to chromatin (24). 


Menin is associated with H3K79me2 across 
gene bodies 


To examine whether menin recognizes the 
H3K79me2 mark on native chromatin, we 
performed chromatin immunoprecipitation 
sequencing (ChIP-seq) in MCF-7 cells. Con- 
sistent with previous studies (30, 31), the 
H3K79me2 mark was found to peak immedi- 
ately downstream of the transcription start site 
(TSS), and the signal diminished throughout 
the gene body (Fig. 5A and fig. S6A). Menin 
was previously reported to associate with MLL1 
and thereby localize at promoter regions (27, 32). 
Indeed, menin occupied the promoters and 
peaked at the TSSs of many active genes in 
our analysis (Fig. 5A and fig. S6A). However, 
regression analysis showed that correlation 
between menin and MLL1I-H3K4me3 was only 
observed around the TSSs. By contrast, the 
menin signal was strongly predictable by 
H3K79me2 across the gene body (Fig. 5B). 

To further investigate the effects of H3K79me2 
on the binding of menin to chromatin, we 
treated cells with EPZ5676, a DOTIL inhibitor, 
which resulted in a near-complete global loss 
of H3K79me2 as detected by immunoblotting 
(fig. S6, B and C) and by reference-normalized 
ChIP-seq (Fig. 5C and fig. S6D). The loss of 
H3K79mez2 had no effect on the expression 
of menin (fig. S6, B and C), but attenuated 
the interaction between menin and chro- 
matin (Fig. 5, C and D). Consistently, menin 
binding downstream of TSSs was more sen- 
sitive to EPZ5676 treatment compared with 
menin peaks in the promoter region upstream 
of the TSS (Fig. 5E). ChIP-qPCR (quantitative 
polymerase chain reaction) confirmed that the 
loss of H3K79mez2 strongly interfered with the 
recruitment of menin to the gene bodies of 
target genes (Fig. 5, F and G), and modestly 
affected the genomic localization of menin at 
the promoters (fig. S6, E and F). To further 
validate that the identified menin binding 
sites were H3K79me2 dependent, we per- 
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formed ChIP-qPCR with cells stably expressing 
either the hemagglutinin (HA)-tagged wild- 
type menin or the equivalent H433A mutant 
(fig. S6G). In line with our in vitro biochemical 
data, the H433A mutation largely disrupted 
menin’s association with chromatin at the 
selected intragenic regions (Fig. 5H). 


Menin is involved in transcriptional regulation 
through binding to H3K79me2 at potential 
intragenic enhancers 


It was previously proposed that H3K79me2 
could activate the expression of target genes 
through the maintenance of enhancer-promoter 
interactions (30, 33). Given the correlation 
between menin and H3K79me2 at genic re- 
gions, we explored whether the H3K79me2- 
menin interaction could mark functional 
enhancers. To this end, we identified putative 
enhancers from the presence of H3K27ac peaks 
(34, 35), then classified them as intragenic or 
intergenic. We further subcategorized the in- 
tragenic enhancers into two groups on the 
basis of menin occupancy (Fig. 5] and fig. S7A). 
We correlated these enhancers to their over- 
lapping gene or closest gene based on genomic 
distance (Fig. 5J). As many genes were reg- 
ulated by multiple enhancers in each group, 
we focused on genes that were specifically 
associated with each type of enhancer: in- 
tragenic MEN1-bound (cluster 1), intragenic 
MEN1-free (cluster 2), and intergenic (clus- 
ter 3) (table S3). Most cluster 1 regions over- 
lapped with cis-regulatory regions annotated 
by ENCODE (Encyclopedia of DNA Elements), 
and some also show evidence of expression of 
enhancer RNA (fig. S7B). On the basis of dif- 
ferential expression, we found that EPZ5676 
treatment led to significant down-regulation 
of genes in cluster 1 containing menin-marked 
enhancers compared with the other clusters, 
as well as randomly selected gene sets with 
matched expression levels in untreated cells 
(Fig. 5K and fig. $7, C to E). Consistent with the 
transcriptome analysis, EPZ5676 treatment 
significantly blocked the expression of genes 
in cluster 1 (fig. S7F). Overall, these data render 
the possibility that menin might recognize the 
H3K79me2 mark at intragenic enhancers to 
mediate gene transcription. 

In this study, we identified menin as a bona 
fide reader of H3K79me2. Menin is known to 
be involved in transcriptional regulation by 
interacting with various transcription factors 
and chromatin regulatory proteins (36-39). 
Our study therefore adds a mechanistic pos- 
sibility that menin recruits its interacting pro- 
teins to H3K79me2-marked chromatin regions 
for gene regulation. Considering that MLL1 
is a histone H3K4 methyltransferase, we en- 
vision that future studies will reveal whether 
and how menin may mediate cross-talk be- 
tween H3K4me3 and H3K79me2 on gene 
regulation. 
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The extracellular matrix and the immune system: 
A mutually dependent relationship 


Tara E. Sutherland, Douglas P. Dyer, Judith E. Allen* 


BACKGROUND: The extracellular matrix (ECM) 
forms a dynamic structure around cells that is 
essential for the supply of environmental fac- 
tors, mechanical support, and protection of 
tissues. It includes components such as fibrillar 
proteins, glycosaminoglycans (GAGs), proteo- 
glycans, and mucus. The molecular, physical, 
and mechanical properties of the ECM regu- 
late immune cell mobility, survival, and func- 
tion. In turn, the immune system maintains 
and regulates healthy matrix and restores 
matrix integrity after injury. A dysregulated 
ECM-immune system partnership contributes 
to most diseases. Exploring the complex inter- 
connectivity between ECM biology and immune 
cells has the potential to help treat disease and 
maintain healthy aging. 


ADVANCES: Immune cells are perpetually in 


contact with the ECM, yet the potential con- 
sequences of these interactions often remain 


ECM— Immune cells 


A Thin matrix fibers 
T cell 
migration 
T cell 
migration 
B 


— (YAP/TAZ. Be 


Proinflammatory 
signals —_ 


unexplored. One function of the ECM is to guide 
immune cell movement and positioning. T cells, 
for example, move through sites containing 
thin ECM fibers in preference to more dense- 
ly cross-linked collagen matrices, whereas 
heparan sulfate proteoglycans within the 
vasculature and tissue parenchyma bind and 
present chemokines to form gradients that 
direct cell movement. During inflammation, 
injury, infection, or even aging, ECM compo- 
nents can be released to act as “danger sig- 
nals.” Conversely, the breakdown of the ECM 
by matrix-degrading enzymes can generate im- 
munoregulatory fragments. Critically, because 
cytokines are often bound to GAGs, ECM changes 
can regulate cytokine availability or activity. 
During aging and fibrotic diseases, changes 
to the fibrillar collagen network result in path- 
ological tissue stiffness and loss of mechan- 
ical compliance. Additionally, increases in the 
GAG hyaluronan contribute to altered ECM 


Immune cells —>ECM 


T Mucin 
sulfation 


ECM bound by 
integrins 


Interconnectivity between the ECM and the immune system. (A) Physical and molecular properties of 
the ECM control immune cell positioning and migration within a tissue during pathology. (B) Aging not only 
alters the mechanical properties of ECM, which are sensed by the immune system, but also reduces 
mechanosensors that down-regulate proinflammatory pathways. (C and D) The immunomodulatory cytokine 
IL-13 can remodel the mucus barrier (C), whereas immune cells themselves can carry matrix across tissues 
to help build an ECM scaffold for repair (D). (Figure created with BioRender.) 
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mechanical properties that accompany aging 
and disease. There is increasing evidence that 
immune cell function is regulated by mechano- 
sensing receptors such as Piezol, and these 
ECM changes have major impacts on immune 
function. Furthermore, a decline in the activ- 
ity of the mechanosensing transcriptional 
activators YAP and TAZ during physiological 
aging results in failure to down-regulate in- 
flammation. Thus, ECM composition active- 
ly regulates immune processes, but immune 
signals will themselves regulate ECM com- 
position, reflecting an essential bidirectional 
dialog. 

One prominent way that the immune sys- 
tem regulates the ECM is through transform- 
ing growth factor-B (TGF-8), which promotes 
myofibroblast differentiation and collagen 
production and inhibits matrix-degrading me- 
talloproteinases. Furthermore, type 2 cytokines, 
particularly interleukin-13 (IL-13), have emerged 
as modulators of ECM quantity and quality, 
which includes regulating the mucosal barrier. 
Moreover, direct biophysical interaction with 
chemokines or cytokines can alter ECM struc- 
ture and/or function. For instance, CXKCLA (PF4) 
functions by binding to GAGs rather than by 
directly binding to chemokine receptors. This 
can lead to remodeling of the cell surface ECM 
and signaling through proteoglycans. 

Immune cells control ECM not only through 
the production of cytokines and chemokines 
but also by direct synthesis of ECM compo- 
nents and the enzymes that break them down. 
Enzymatic remodeling of the rigid basement 
membrane by tissue-infiltrating myeloid cells, 
for example, can provide routes for lympho- 
cytes to follow. Macrophages, which are pivotal 
in ECM turnover through receptor-mediated 
uptake of and degradation of collagen, also 
produce collagens that may provide templates 
for tissue remodeling. Neutrophils can pull and 
carry preexisting matrix from nearby sites to 
wound beds early in the tissue repair process 
to reestablish new ECM scaffolds. 


OUTLOOK: The ECM, long considered an inert 
scaffold, can now be seen as a highly dynamic 
partner to the immune system. In this review, 
we aim to highlight the absolute interdepen- 
dence of these systems with consequences for 
therapy. For example, immune cell-based ther- 
apies may fail if they are placed in diseased 
matrix that itself drives pathology. Ultimately, 
to answer the most pressing questions in tis- 
sue health, it will be critical that immunolo- 
gists and matrix biologists work together. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: judi.allen@manchester.ac.uk 
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The extracellular matrix and the immune system: 
A mutually dependent relationship 


Tara E. Sutherland”, Douglas P. Dyer’, Judith E. Allen’* 


For decades, immunologists have studied the role of circulating immune cells in host protection, with 
a more recent appreciation of immune cells resident within the tissue microenvironment and the 
intercommunication between nonhematopoietic cells and immune cells. However, the extracellular matrix 
(ECM), which comprises at least a third of tissue structures, remains relatively underexplored in 
immunology. Similarly, matrix biologists often overlook regulation of complex structural matrices by the 
immune system. We are only beginning to understand the scale at which ECM structures determine 
immune cell localization and function. Additionally, we need to better understand how immune cells 
dictate ECM complexity. This review aims to highlight the potential for biological discovery at the 


interface of immunology and matrix biology. 


he molecular, physical, and mechanical 

properties of the extracellular matrix 

(ECM) regulate immune cell mobility, 

survival, and function. In turn, the im- 

mune system is required to maintain 
and regulate healthy matrix and restore ma- 
trix integrity after injury. Thus, the ECM and 
the immune system work together to preserve 
tissue health, and if this partnership is com- 
promised, disease can develop. However, ma- 
trix biology and immunology are typically 
studied independently. Progress in understand- 
ing and treating disease requires that we em- 
brace the complexity not only of different 
immune cell-cell interactions but also of their 
interactions with the matrix that surrounds 
them, recognizing that the matrix is as com- 
plex as the cellular systems it regulates. 

The ECM accounts for more than a third of 
our body mass, and its dysregulation is the 
direct or indirect cause of most major chronic 
diseases. A prime example of this is fibrosis, 
which accounts for 45% of all deaths (7) and 
can be defined as dysregulated matrix that 
leads to the formation of dysfunctional scar 
tissue and end-stage organ failure. To under- 
stand the immunological basis for these dis- 
eases, we therefore need an understanding of 
the interconnectivity between the ECM and 
immune function. Indeed, immune cell thera- 
pies may fail because the cells have been 
transferred into a diseased matrix that reca- 
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pitulates a pathogenic signaling process (2). 
Consequently, a knowledge of matrix biology 
is essential to aid immunological discovery and 
unravel mechanisms driving complex diseases. 
In this review, we highlight the intimate and 
essential connection between the ECM and 
immune cells and identify emerging areas of 
research that are ripe for discovery. 


What is the ECM? 


The ECM forms a structure around cells that 
is essential for the supply of nutrients and lo- 
cal and systemic factors, as well as the removal 
of waste. It also provides different levels of me- 
chanical support specific to different tissues. 
The ECM is produced and assembled by the 
cells living within it and contains components 
that can be either long-lived or rapidly turned 
over, making the ECM dynamic and sensitive 
to local and systemic changes. Diverse ECM 
functions are reflected by a varied compo- 
sition of a hierarchy of protein and glycan 
structures. These include fibrillar molecules 
such as collagen (which give tissue strength 
and resilience), glycosaminoglycans (GAGs) 
and proteoglycans (which form hydrated gels 
that act as a cushion within and around tis- 
sues), and mucus (which protects our barrier 
surfaces). Additionally, many matrix-associated 
molecules are involved in holding ECM struc- 
tures together and/or connecting them to the 
cell surface. Together, ECM components not 
only provide dynamic tissue organization and 
integrity but also are signaling molecules in their 
own right, participating in and driving many 
biological functions. Although many ECM mac- 
romolecules are common across tissues, the 
complex structures that they form, along with 
unique modifications, are highly tissue specific 
(Fig. 1). The biochemistry of ECM molecules, 
including collagen (3), sulfated GAGs (4-6), 
nonsulfated GAGs (6-8), mucins (9), and the 
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ECM more broadly (0, 17), have been exten- 
sively reviewed previously. From an immuno- 
logical standpoint, matrices also contain a 
varied spectrum of other secreted proteins, in- 
cluding cytokines, chemokines, and growth 
factors, that can be active, latent, or concealed 
and are an implicit part of immune cell reg- 
ulation. It is also notable that cells are often 
intimately connected to the unique matrix 
surrounding them, and every cell to varying 
degrees is coated in a glycocalyx, a complex 
network of sugar-rich molecules either free 
or bound to protein or lipid (72). 


How does the ECM regulate immune 
cell function? 


Immune cells are in contact with the ECM 
from their early embryonic or bone marrow 
origins through to effector functions in the 
tissues where they transit or reside, yet the 
potential consequences of these interactions 
often remain unexplored. For example, given 
the complex structure and function of the 
ECM, is it easier for a cell to move through a 
loose, hydrated matrix or to use molecular 
handles (e.g., integrins) to latch onto and pull 
through a thicker matrix? The best under- 
stood of these processes for immunologists is 
the process of leukocyte extravasation during 
an inflammatory event (13). However, even 
here, immunologists rarely consider the chal- 
lenges required for cells to cross through the 
different ECM environments involved. These 
include the endothelial glycocalyx and the base- 
ment membrane, as well as interstitial matrix 
lying beneath endothelial cells that line the 
blood vessel wall. Furthermore, once immune 
cells have penetrated the endothelial lining 
and entered the tissues, the ECM continues 
to direct immune cell migration. For both mi- 
grating and tissue-resident cells, the ECM not 
only helps to determine their ultimate loca- 
tion but also regulates their survival and 
function. 


The endothelial glycocalyx shield 


The most studied ECM barrier in the context 
of leukocyte trafficking and positioning is the 
basement membrane. This complex network 
of collagen (types IV and VIII) and laminin, 
which is bridged by the glycoprotein nidogen 
and proteoglycans (e.g., perlecan) (Fig. 1), lies 
underneath the vasculature and surrounds 
most tissues (4). However, the first ECM 
structure encountered by trafficking immune 
cells is the endothelial glycocalyx lining the 
vascular endothelium (Fig. 2) (75, 16). The gly- 
cocalyx can extend from 200 nm up to 2 nm 
into the blood vessel lumen and is largely com- 
posed of proteoglycans and GAGs. Within the 
glycocalyx, ECM components close to the en- 
dothelial surface (within 50 nm) facilitate in- 
teractions with endothelial adhesion molecules 
on circulating leukocytes. This structure of the 
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Fig. 1. ECMs in the healthy lung. Shown is an overview of a healthy lung airway 
and the alveolar structure, including capillaries, blood vessels, and the various ECMs 
that can be found within the tissue architecture. (A) Airway epithelial cells are 
protected by a periciliary layer containing mucins that are tethered to the cilia of 
epithelial cells and a gel-like mucus mesh of secreted mucins Mucdac and Mucdb. 
forms a sheet-like layer that coats the basal surface 
of epithelial and endothelial cells. Collagen IV fibers are important for maintaining 
the normal architecture of the tissue. Laminin chains form into a cruciform structure 
linking cells through integrin binding to the basement membrane, and they connect 
to collagen fibers directly or through interactions with HS proteoglycans (e.g., 
perlecan) and proteins (e.g., nidogen), overall contributing to an ECM network. 


(B) Basement membrane EC 


glycocalyx raises a key challenge to our current 
understanding of leukocyte migration. Specif- 
ically, how can leukocytes interact with endo- 
thelial adhesion molecules when they are 
covered by a glycocalyx “blanket” that is too 
thick to be simply bridged by endothelial and 
leukocyte adhesion molecules (Fig. 2) (15, 17, 18)? 
Enzymatic digestion of glycocalyx components 
has been shown to reveal endothelial adhesion 
molecules and to facilitate increased leukocyte- 
endothelial interactions (15, 16, 19). Degrada- 
tion of the glycocalyx is a critical feature of 
sepsis, where tumor necrosis factor (TNF) is 
a key inducer of endothelial heparanase, lead- 
ing to exposure of adhesion molecules and 
facilitating neutrophil trafficking (20, 21). How- 
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are not shown to scale. 


ever, the role of the endothelial glycocalyx in 
the trafficking of leukocytes other than neu- 
trophils is poorly understood. The identifica- 
tion of glycocalyx fragments in the serum of 
patients with sepsis, cardiovascular disease, 
and, more recently, COVID-19 (19, 22-24) sug- 
gests that breakdown of the glycocalyx likely 
contributes to disease. However, a caveat is 
that these fragments may be released from 
sources other than the endothelium, because 
the specific glycocalyx content and structure 
across different vessel types and tissues are 
not well characterized. A deeper analysis of 
glycocalyx structures throughout the body will 
enable us to better understand the conse- 
quences of its degradation during inflammation. 
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(C) The glycocalyx is a brushlike layer that lines the luminal surface of endothelial 
cells and is rich in membrane-bound proteoglycans such as syndecan, glycosami- 
noglycans such as HA, and soluble chondroitin sulfate proteoglycans such as 
versican. (D) The interstitial lung matrix is primarily maintained by fibroblasts and 
made up of the core proteins type | and Ill fibrillar collagens and elastin arranged in a 
three-dimensional network, providing structural support and flexibility of the lung 
during homeostasis. Fibronectin helps to orientate new collagen fibers and can aid 
cell anchoring to the ECM through integrin binding. HA, the largest and most 
abundant nonsulfated GAG, helps to assemble, hydrate, and stabilize connective 
tissue ECM and can be decorated with proteoglycans such as versican. Molecules 


The matrix as a guide to immune cell movement 
and position 

Multiple physical and chemical properties of 
the ECM guide cell migration (25). In numer- 
ous settings, leukocytes have been shown to 
navigate through the path of least resistance, 
often through “holes” in the matrix that have 
been studied extensively (26, 27). For exam- 
ple, T cells will preferentially move through 
tissue sites that are characterized by thin 
fibers of collagen and fibronectin, deliberately 
avoiding denser matrices that are made more 
substantial by lysyl oxidases that cross-link 
collagen proteins (28). The inhibition of lysyl 
oxidases, which weakens the fibrillar collagen 
network, improves T cell access to tumors (29) 
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Fig. 2. The endothelial glycocalyx shield is remodeled during inflammation 
to facilitate leukocyte rolling on the endothelium. The endothelial glycocalyx 
is a thick (200 to 2000 nm) barrier on the blood-exposed endothelial surface 
largely composed of ECM proteoglycans. This barrier forms a “blanket” over 
the endothelial adhesion molecules (e.g., P-selectin), thus blocking interaction with 
adhesion molecules on circulating leukocytes (e.g., PSGL1) and preventing 
aberrant leukocyte recruitment. After an inflammatory stimulus (e.g., TNF), endothelial 
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cells and leukocytes themselves can produce factors that remodel the glycocalyx 
barrier to facilitate endothelial-leukocyte interactions. Specifically, heparanase cleaves 
the GAG sugar side chains of proteoglycans, matrix metalloproteinases cleave their 
protein cores, and hyaluronidase cleaves HA, increasing their levels in the circulation. 
Additionally, chemokines may cross-link GAG chains so that they occupy less space 
within the glycocalyx. Together, these mechanisms enable leukocytes to access 

the endothelial surface, initiate rolling, and subsequently enter underlying tissues. 


and increases the speed and travel distance of 
innate lymphoid cells during lung inflamma- 
tion (30). Moreover, collagen fibers can directly 
influence cell motility, as shown by the ability 
of type 1 collagen to alter the cytoskeletal or- 
ganization and shape of innate lymphoid cells 
toward a promigratory exploratory phenotype 
(30). In inflamed skin, confirmational changes 
to fibronectin fibers result in enhanced inte- 
grin binding. These altered ECM fibers can ar- 
rest the interstitial migration of T cells, causing 
cellular accumulation at perivascular sites (31). 
The mechanical stretching properties of na- 
tive ECM fibers can further regulate integrin- 
mediated cell binding and biochemical signaling 
(32). Once positioned within a tissue environ- 
ment, the necessity for communication with 
the ECM has been highlighted by the identi- 
fication of key receptors for ECM on a variety 
of myeloid cell subpopulations. LAIR1, a recep- 
tor that binds glycine-proline-hydroxyproline 
repeats in collagen, is needed for the survival, 
proliferation, and differentiation of monocytes 
and interstitial macrophages in the lung (33). 

Hyaluronan (HA), a major structural compo- 
nent of the ECM, is an enormous hydrophilic 
GAG (>10° D) made up of unbranched re- 
peating units of p-N-acetyl glucosamine and 
p-glucuronic acid. Through interactions with 
its receptors, HA facilitates immune cell func- 
tion in part by directing localization. HA is 
found in the glycocalyx of many cells. In some 
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cases, such as in the alveolar macrophage, it 
is constitutively bound to the cell surface 
through CD44, an HA receptor found on most 
leukocytes (34). With a rapid turnover com- 
pared with other ECM components (35, 36), 
HA production is tightly balanced and con- 
trolled locally through CD44-mediated cellular 
uptake and degradation by hyaluronidases 
[for review, see (37)]. HA-CD44 interactions 
can be essential for leukocyte migration and 
location, as shown in the HA-rich liver sinu- 
soids, where CD44: binding to HA allows neutro- 
phil adhesion in the absence of other adhesion 
molecules (38). After antigen-induced activa- 
tion, T cells will bind HA through enhanced 
expression of CD44 (39), possibly honing their 
recruitment to specific inflamed tissue sites 
(40). Lyve-1, another receptor for HA, is found 
on macrophages that have specific functions 
in the maintenance of the vasculature. Here, 
HA dictates Lyve-1* macrophage location along 
the blood vessel wall (47). Additionally, Lyve-1 
expression on the lymphatic endothelium acts 
as a dock allowing dendritic cells, and po- 
tentially other immune cells that are endog- 
enously coated in HA, to adhere and traffic 
through the lymphatics (42). It is not simply 
the presence of HA and its receptors that de- 
termines cellular location, but also the specific 
composition of the HA matrix. For example, 
Lyve-1 only binds HA that is correctly orga- 
nized and cross-linked by molecules such as 
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TSG-6, which is up-regulated during inflam- 
mation (43). Additionally, versican, a large 
chondroitin sulfate-containing proteoglycan, 
can bind to HA with high affinity, forming 
distinct HA matrices that often accumulate 
during inflammation (44). TSG-6 cross-linking 
of HA (Fig. 3) and versican-HA aggregates can 
also enhance cellular interactions with CD44 
(45, 46), adding another level of ECM control 
to leukocyte adhesion and/or migration. More- 
over, HA receptors can act in tandem. CD44 
alters the spatial organization of the HA glyco- 
calyx on dendritic cells to allow binding to 
Lyve-1 on the lymphatic endothelium, thus 
regulating the efficiency of dendritic cell entry 
to the lymphatics (47). 

Similarly, heparan sulfate (HS) proteoglycans 
help to direct the recruitment and positioning 
of neutrophils and monocytes through direct 
interactions between their GAG side chains 
and P and L selectins on immune cells (48, 49). 
The ECM can also act indirectly as a cell guide 
by “presenting” interacting proteins. For ex- 
ample, HS proteoglycans bind and present che- 
mokines within the vasculature, as well as the 
tissue parenchyma, to form gradients that 
direct cell movement (50, 57). This interaction 
is also important in decoding complex chemo- 
kine signals. For example, the CXCR3 ligands 
CXCL9, CXCLI10, and CXCLII are often ex- 
pressed together but have very different affin- 
ities for HS, which allows discrete localization 
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Fig. 3. HC cross-linked HA matrix. lol! and pre-lal [composed of bikunin and 
HC proteins attached to a chondroitin sulfate (CS) backbone] are assembled 
in the liver and secreted into the circulation with transfer of HCs during 


inflammation catalyzed by tumor necrosis factor-stim 


(52). HS proteoglycans also bind cytokines, but 
the consequences for immune cell location 
and function of these interactions remain rela- 
tively unexplored. 


The inflammation-altered matrix 


A fundamental feature of the ECM is that it is 
altered after inflammation, injury, or infection 
and with age (53-55). For example, HA in- 
creases in the lung after influenza infection 
(55) and during aging (54). Many different mol- 
ecules bind to HA chains, forming large, 
hydrated matrix scaffolds (Figs. 1C and 3). 
During injury and inflammation, HA can be- 
come covalently modified with heavy chains 
(HCs) from the inter-alpha-inhibitor (IaI) fam- 
ily of proteoglycans (56), forming cross-linked 
HA matrices mediated by HC-HC and pentraxin- 
HA interactions (57, 58) (Fig. 3). Although such 
HC+HA matrices are critical for some normal 
biological processes, they are generally only 
made in tissues during inflammatory condi- 
tions. Cross-linked HC*HA can have increased 
affinity for CD44 and binding to leukocytes 
(59, 60), which can lead to the retention of 
immune cells within the pathogenic tissue 
ECM, thus prolonging inflammation (67). How- 
ever, the contribution of an HA matrix to any 
immune process will depend on its composi- 
tion and the specific tissue or disease context 
(56). These large, hydrated HA structures, in- 
cluding HA bound to versican, can also direct- 
ly restrict cell movement. Two matrix proteases, 
ADAMTS4 and ADAMTSS, are both needed 
during influenza infection to break down 
versican, remodeling the ECM such that a 
conduit is created through which CD8*" T cells 
can travel (62, 63). The failure to provide pas- 
sage for CD8* T cells in Adamts4-deficient 
mice (62) prevents immune pathology but com- 
promises host protection in Adamts5-deficient 
mice (63). 

Breakdown of the ECM by proteases such 
as the ADAMTS family members generates 
fragments that are themselves immunoreg- 
ulatory [for review, see 44)]. For example, HA 


becomes fragmented at sites of inflammation 
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HA 


ulated gene 6 (TSG-6). 


and injury, leading to the buildup of low- 
molecular-weight HA, which may antagonize 
normal HA functions through competition 
for receptor binding (64). Although the spe- 
cific immunoregulatory roles of low-molecular- 
weight HA remain to be elucidated, Cd44- 
deficient mice, which fail to clear it, die from 
lung failure after bleomycin-induced fibrosis 
(65). Consistent with the role of HA in regulat- 
ing immune cell function, HA binding through 
the CD44 receptor on activated regulatory 
T cells (Tyegs) promotes interleukin-2 (IL-2) 
production, persistence of FoxP3 expression, 
and enhanced IL-10 production (66, 67). Other 
ECM components released by tissue damage 
have well-established roles as “danger signals” 
(68-70). Toll-like receptor 2 (TLR2) and TLR4, 
in particular, recognize proteoglycans such as 
biglycan, aggrecan, and versican, as well as var- 
ious GAGs. Macrophages can be activated through 
TLR2 and TLR4 by heparanase-mediated GAG 
cleavage, and this is associated with athero- 
sclerotic plaque progression (77). Given that 
the ECM is one of the first tissue components 
damaged by infection, it makes sense that its 
degradation acts as a danger signal to the im- 
mune system. 

The ECM is a rich source of chemokines, cyto- 
kines, and growth factors, the availability of 
which is controlled by the ability of immune 
cells to access them. Indeed, many immune 
cells, including T cells, express heparanase, 
which digests HS to release bound cytokine 
(72). However, damage or remodeling of the 
ECM caused by tissue injury or matrix-degrading 
enzymes can also cause the release or activa- 
tion of cytokines normally bound to GAGs (73). 
The bioavailability of transforming growth 
factor-f (TGF-B), one of the most important 
cytokines in the regulation of the ECM, is itself 
tightly controlled by its regulated release from 
the ECM (73). The mechanical state of ECM 
fibers, such as their capacity to stretch or un- 
fold, can also dictate cytokine availability or ac- 
tivity (32). For example, the large latent TGF-B 
complex stored in the ECM can be activated 
by mechanical forces, and a stiffer matrix 


17 February 2023 


Formation of HC*HA leads to cross-linking of HA chains through interactions 
with HCs and through HCs with accessory proteins such as pentaxin 3 (PTX3). 
Cross-linked HC*HA can stabilize a pathological HA matrix that has enhanced 
affinity for HA receptor CD44 and thus increased adhesion for leukocytes. 


can reduce the threshold for TGF-B1 activa- 
tion (74). Thus, the capacity of inflammation 
to alter the chemical composition and me- 
chanical properties of the ECM will modify 
an enormous range of immune processes and 
needs to be considered when investigating the 
initiation or resolution of an inflammatory 
response. 


Mechanical changes with age and disease 


Many tissues lose mechanical compliance with 
age and during the course of fibrotic disease. 
Although alterations to the fibrillar collagen 
network are a major determinant of patholog- 
ical tissue stiffness, other ECM changes alter 
the mechanical properties of the ECM with 
age and disease (75), including increased HA 
(54, 55, 61). The transcriptomes of tissue- 
resident alveolar macrophages change with 
age, not because of the age of the cell but rather 
because of signals from the aging lung ECM (54). 
The ability of immune cells to respond to me- 
chanical cues is now well established (76), and 
many (if not most) fundamental immune pro- 
cesses will likely be influenced by the bio- 
physical properties of the matrix environment. 
For example, an emerging paradigm suggests 
that stiffer, less-elastic tissues promote an in- 
flammatory response in macrophages (77). How- 
ever, numerous signals integrate to determine 
macrophage activation state, and more com- 
pliant substrates can increase sensitivity to 
proinflammatory stimuli (78). Because most 
work on this topic has involved either in vitro 
analysis or the use of biomaterials in vivo, we 
still lack an understanding of the contribution 
of natural tissue-specific variation in ECM 
elastic and tensile properties (e.g, soft brain 
and hard bone). The remodeling of the ECM 
after injury, such as the deposition of thicker 
and denser collagen fibrils in scar tissue, is 
strongly implicated as a driver of further dis- 
ease progression (2, 79). However, the unique 
biophysical properties of native ECM fibers 
are very difficult to replicate synthetically (32), 
so the specific functional consequences for 
local immune cells remain to be discovered. 
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An intimate link between mechanosensing 
of the ECM and regulation of inflammatory 
signals can drive aging (80). The transcrip- 
tional activators YAP and TAZ transduce me- 
chanical signals, and their activity declines 
with physiological aging in stromal and con- 
tractile cells. YAP-TAZ signaling inhibits the 
proinflammatory immune cGAS-STING path- 
way, and when this restraint is lifted, cell se- 
nescence proceeds with the emergence of 
aging-related tissue degeneration (80). The 
identification of specific receptors involved 
in mechanotransduction is also providing us 
with a new understanding of the impact of tis- 
sue biophysical properties on immune cell func- 
tion. For example, Piezol, a mechanosensitive 
ion channel protein, has been demonstrated 
in vivo to regulate macrophage responses to 
physical forces (87). More broadly, there is 
good evidence that Piezol regulates immune 
cell function (82, 83). Critically, this is a two- 
way communication: Whereas tissue stiffness 
regulates immune cell function, immune sig- 
nals can alter tissue stiffness in a wide var- 
iety of mechanisms, from regulating collagen 
production and cross-linking (see below) to 
inflammation-induced HA matrices (56). 


How do immune cells regulate 
ECM composition? 
ECM regulation by chemokines and cytokines 


The cytokine with the most evident influence 
on shaping the ECM is TGF-8, with its ability 
to promote myofibroblast differentiation, in- 
duce collagen production, and inhibit the matrix 
metalloproteinases that degrade matrix (75). 
However, type 2 cytokines, in particular IL-13, 
have emerged as another layer of cytokine con- 
trol over matrix quantity and quality of the 
ECM. Consistent with type 2 cytokines being 
mediators of tissue repair and remodeling 
(84), type 2 cytokines regulate the production 
of collagen-degrading enzymes (85), the pro- 
duction of collagen by macrophages (86), and 
the uptake and degradation of collagen (87). 
IL-4 and IL-13, which both signal through the 
IL-4 receptor alpha (IL4Ra), appear to be cen- 
tral players in the maintenance of the ECM— 
but also in ECM dysregulation. IL4Ra signaling 
induces dermal, synovial, and lung fibroblasts 
to produce more collagen, as well as more he- 
patic stellate cells, which are the primary source 
of aberrant ECM during liver fibrosis (88-93). 
Indeed, IL-13 signaling to fibroblasts is suffi- 
cient to drive liver fibrosis (94). IL4Ra signal- 
ing can also regulate the amount of collagen 
cross-linking by signaling to macrophages. 
IL4Ro-dependent RELMoa production by mac- 
rophages is critical for vascular integrity and 
repair of the skin by regulation of the collagen 
cross-linking enzyme lysyl hydroxylase in fibro- 
blasts (95). In addition to effects on collagen 
during ECM remodeling, IL-13 signaling can 
directly induce HA accumulation in the lungs, 


Sutherland e¢ al., Science 379, eabp8964 (2023) 


a key mechanism recently identified as a 
driver of severe COVID-19 pathology (96). 
Although the finding that IL-13 regulates 
HA is new (96), it is well documented that IL-13 
regulates mucus, another sugar-rich “gel-like” 
secreted ECM structure. IL-13-driven goblet 
cell hyperplasia and enhanced mucus produc- 
tion are known to be essential steps in protec- 
tion against gastrointestinal nematodes (97). 
However, less well known is that IL-13 alters 
not only the quantity but also the composition 
of the mucus, with consequences for disease 
outcome. For example, IL-13 specifically in- 
duces the mucin Muc5AC, the overproduction 
of which is an essential feature of allergic air- 
way inflammation (98) and which is required 
for nematode expulsion (99). IL-13 also in- 
creases mucin sulfation, which makes it more 
difficult for the helminth Trichuris muris to 
establish a successful infection (00). Perhaps 
the most profound impact of immune alter- 
ations on the mucus barrier is the key role 
that sugars play in regulating the microbiome. 
Host GAGs and mucins are food sources for 
commensal bacteria, and the ability of bacte- 
rial species to use these sugars will regulate 
the gut microbial composition (J07). For ex- 
ample, Bacteroides theatiotaomicron produces 
sulfatases that enable it to use specific mucins 
(102) and metabolize GAGs (103). In an elegant 
example of this interaction, the opportunistic 
bacterium Pseudomonas aeruginosa induces a 
type 2 immune response in the lung, stimulating 
the production of Muc5AC, which the bacte- 
rium then uses as an energy source to enhance 
colonization. This type 2 enhancement loop ad- 
ditionally results in allergic sensitization (104). 
Cytokines such as TGF-f and IL-13 regulate 
the ECM by driving ECM production or enzy- 
matically regulating its composition, whereas 
direct biophysical interaction with chemokines 
or cytokines can alter ECM structure and/or 
function. Some proteins are thought to bind to 
GAGs through less-specific electrostatic-driven 
interactions, whereas others bind more spe- 
cifically on the basis of shape complementarity 
(5). The nature of these protein-GAG interac- 
tions may dictate functional biological out- 
comes. For example, chemokines display highly 
variable affinities for GAGs (105, 106), suggest- 
ing distinct biological functions of these inter- 
actions that go beyond using GAGs as a platform 
for a chemotactic gradient (48). Although it 
makes sense that weaker (i.e., less specific) 
interactions will facilitate localization, partic- 
ularly in the context of the bloodstream, cer- 
tain chemokines (e.g., CXCL4, also known as 
PF4) bind with incredibly high affinity. Recent 
work has suggested that some chemokines, 
such as CXCL4, primarily function by binding 
to GAGs rather than by binding directly to 
chemokine receptors (J07). This can be me- 
diated by signaling through cell surface proteo- 
glycans and/or remodeling the ECM glycocalyx 
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to facilitate leukocyte-endothelial interactions 
(108). For instance, high-affinity binding by 
CXCL4: leads to the cross-linking of HS chains, 
resulting in shrinking of the thickness of the 
glycocalyx (Fig. 2). This reduced depth may allow 
better cellular access to the endothelial surface. 
In addition to chemokines, several cytokines 
and growth factors have been shown to bind 
to and remodel GAGs, such as interferon-y, the 
function of which is regulated by this interac- 
tion (109). We still have much to learn about the 
mechanistic role of cytokine-GAG interactions, 
particularly to better understand how GAGs 
control cytokine availability and/or present 
cytokines to their receptors. 


ECM remodeling by immune cells 


Immune cells typically migrate using non- 
proteolytic mechanisms, which ensures that 
matrix barriers are not catastrophically com- 
promised. However, to transverse the rigid 
basement membranes, activated macrophages 
use membrane type I matrix metalloproteinase 
(MT1-MMP) as well as cytoskeletally generated 
physical forces (770). Neutrophils can be found 
coated in laminin after passing through holes 
in the basement membrane, suggesting a level 
of localized remodeling (J71). Additionally, 
without the expression of elastase, neutrophils 
cannot breach the vascular basement mem- 
brane and migrate into the interstitial matrix 
(112), which may also affect the subsequent mi- 
gration of other cells such as eosinophils (113). 
Indeed, although matrix-degrading enzymes 
involved in cell trafficking can be produced by 
resident stromal fibroblasts (62), they are often 
made by the immune cells themselves. During 
influenza infection, neutrophil-derived MMP9 
is required for neutrophils to access the infec- 
tion site and to control viral replication (174), 
whereas ECM degradation by MT1-MMP, which 
is highly expressed on infiltrating myeloid cells, 
compromises tissue integrity and promotes 
secondary bacterial infection (15). These studies 
highlight the possibility that “pioneer” cells 
recruited early in recruitment can modify the 
ECM to facilitate and control subsequent waves 
of immune cells, which is consistent with the 
known role of neutrophils in directing T cell 
migration (116). However, myeloid cells are not 
alone in their capacity to remodel the ECM, 
because T cells with intrinsic loss of granzyme 
B (which degrades several ECM components) 
have reduced extravasation in vivo (117). These 
studies highlight inflammatory events involv- 
ing local remodeling of the basement mem- 
brane that allows other cells to gain access into 
the tissue. However, the capacity of neutrophils 
to remodel the ECM goes beyond enzyme re- 
lease. In the early stages of tissue repair, neutro- 
phils use cell surface integrins to pull and 
carry preexisting matrix from nearby tissue, 
where it is incorporated into the wound-bed 
matrix to reestablish a new ECM scaffold (118). 
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Fig. 4. Macrophages regulate collagen production and breakdown. (A) Macro- 
phages located around the outer region of the blood vessel wall express Lyve-1, a 
receptor that recognizes and binds HA, a component of the ECM that can be found 
on the pericellular coat of cells such as vascular smooth muscle cells. This Lyve-1- 
HA interaction initiates MMP9-mediated proteolysis of collagen fibers, thereby 
regulating the composition of the arterial ECM and thus maintaining the tone and 
diameter of the artery (41). (B) Collagen degradation by MMP9 also occurs after 
macrophage activation by type 2 cytokines. Fragments of collagen bind through 


Macrophage 


the macrophage, where they are further processed for degradation (87). 

(C) Collagen degradation mediated through MRC1 signaling can lead to an increase in 
free amino acids (AAs) intracellularly, which drives arginine biosynthesis and the 
subsequent generation of reactive nitrogen species (RNS) through inducible nitric 
oxide synthase (iNOS) activity. Release of RNS has been shown to activate profibrotic 
pathways in pancreatic stellate cells, resulting in collagen synthesis (119). (D) 
Macrophages themselves have also been shown to directly produce different collagen 
molecules. During myocardial infarction, macrophages at the site of injury contribute 


mannose receptor 1 (MRC1) and are taken up intracellu 


Macrophage remodeling of the ECM 
Beyond the secretion of collagen-degrading en- 
zymes, macrophages play a pivotal role in ma- 
ture ECM turnover through receptor-mediated 
uptake of collagen and routing to lysosomes 
for degradation (Fig. 4). Enhanced collagen 
turnover occurs through the up-regulation of 
members of the mannose receptor family, which 
target specific collagen types for degradation 
in a process enhanced by type 2 cytokines (87). 
However, in some contexts, collagen scaveng- 
ing by macrophages can enhance rather than 
limit collagen deposition. The superabundance 
of intracellular arginine generated by collagen 
breakdown promotes a metabolic switch toward 
reactive nitrogen species, which triggers fur- 
ther collagen deposition (Fig. 4) (779). 
Critically, macrophages are not just mediators 
of matrix removal, they also directly produce 
collagen themselves. Myofibroblasts are typi- 
cally the major producers of fibrillar collagen 
during scar formation and ECM remodeling, 
and the functional purpose of macrophage col- 
lagen production remains unclear. In models 
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arly into lysosomes within 


of heart injury, macrophages produce colla- 
gen, which contributes to scar formation (720). 
This has been observed in both mice and zebra- 
fish, which suggests that collagen deposition is 
an evolutionarily conserved property of mac- 
rophages. This is further supported by evi- 
dence of collagen production by macrophages 
in Drosophila (121). Macrophages activated by 
numerous signals, including IL-10, IL-13, and 
TGF-B, secrete collagen VI (86), a molecule that 
binds different ECM components and plays 
a role in organizing the three-dimensional tis- 
sue architecture (722). Although the specific 
role for macrophages versus fibroblasts is not 
yet apparent, macrophages produce several 
ECM components (e.g., fibronectin, laminin, 
osteopontin, and versican) and may provide an 
initial scaffold after injury, before the fibroblasts 
take over. In a pancreatic cancer model, macro- 
phages produced a subset of collagen isoforms 
distinct from fibroblasts, providing evidence 
that macrophages fine-tune the fibrotic re- 
sponse (123). However, in a colorectal cancer 


model, collagen-producing macrophages actu- 
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to the deposition of collagen, specifically at the periphery of the scar (120). 


ally outnumbered the fibroblasts and were di- 
rectly responsible for the remodeling of the 
tumor microenvironment (124). 

The past decade has seen a deepening ex- 
pansion of knowledge demonstrating critical 
tissue-specific functions of resident macro- 
phages that act to maintain tissue integrity 
and identity (125). It seems very likely that this 
will turn out to include the ability to define 
the unique composition of the different ECM 
niches. Indeed, the intimate mechanistic rela- 
tionship between particular macrophage sub- 
sets and fine-tuning of the collagen matrix is 
now being revealed. For example, Lyve-1* macro- 
phages, which localize to the collagen-rich ad- 
ventitial layer of large blood vessels, are able to 
degrade collagen 1 produced by vascular smooth 
muscle cells primarily through MMP-9 release 
(41) (Fig. 4A). This control of collagen produc- 
tion requires Lyve-1 binding to HA on the 
vessel wall and is needed to prevent the ECM 
remodeling and arterial stiffness associated 
with cardiovascular disease. The regulation of 
ECM turnover by Lyve-1* macrophages is likely 
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to apply more broadly, as suggested by the 
ability of Lyve-1* macrophages to regulate 
both collagen and HA levels in the mammary 
gland (126). 


Summary 


Although this review is divided into matrix 
impact on immune function and vice versa, the 
reality is naturally more complex, and many of 
the examples that we describe reflect an active 
cross-talk between matrix components and 
the immune system. For example, implanted 
ECM scaffolds made from decellurized porcine 
tissue were shown to induce a type 2 immune 
response (127, 128), illustrating the capacity 
of the ECM alone to regulate an immune re- 
sponse. In turn, the type 2 response that it eli- 
cits promotes an eosinophil and macrophage 
program that helps to drive ECM deposition 
(84). The development of targeted therapies 
for any immune-mediated condition must 
therefore consider both the immune cell and 
the physical environment that will surround 
it. Advances in techniques to spatially map 
where immune cells preferentially reside within 
the tissue are transforming our understanding 
of cell-cell interactions (729). However, to truly 
understand how immune cells behave and 
function in a healthy versus diseased or aging 
tissue, these methodologies need to incorpo- 
rate the complex and changing ECM struc- 
tures that define the tissue niche, which will 
include tackling the glycome (30). Ultimately, 
to answer the most pressing questions in tis- 
sue health, it will be critical that immunolo- 
gists and matrix biologists work together. 
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Comment on “Sexual selection promotes giraffoid 
head-neck evolution and ecological adaptation” 


Sukuan Hou'?3*+,Qingin Shi*+, Michael J. Benton*, Nikos Solounias™® 


Wang et al. (Research Articles, 3 June 2022, eabl8316) reported an early Miocene giraffoid that exhibited 
fierce head-butting behavior and concluded that sexual selection promoted head-neck evolution in 
giraffoids. However, we argue that this ruminant is not a giraffoid and thus that the hypothesis that 
sexual selection promoted giraffoid head-neck evolution is not sufficiently supported. 


he newly described mammal Discokeryx 

xlezhi, from the early Miocene of north- 

ern China, has disk-shaped headgear and 

complicated head-neck joints, supposedly 

used in fierce head-butting behavior (J). 
This was seen as an unusual precursor of the 
“necking” combat of modern giraffes, and 
the switch in combat mode was suggested as 
a key reason why giraffes evolved their long 
necks. Further, it is suggested (7) that these 
early giraffoids avoided competition with 
coexisting bovids and cervids by taking mar- 
ginal niches, which promoted intensive sex- 
ual competition. 

Wang et al. (1) highlight six key cranial char- 
acteristics supporting the giraffoid affinity of 
Discokeryx, all of which we regard as prob- 
lematic. First, neither the parietal participation 
in headgear support nor the median position 
of frontal or parietal headgear are diagnostic 
features of Giraffoidea, as these features are 
also present in bovids (2). Second, dermal origin 
of headgear does not support giraffoid affinity 
as bovid horncores also have a dermal origin 
(3, #); moreover, it is impossible to recognize 
dermal bone based on the developed bone of 
Discokeryx because the microscopic structure 
of the developed bone is not diagnostic of its 
embryonic origin (5). Third, it is not clear 
that giraffid bone histology shows lamellar 
structure or large-scale osteons (6); figures 
in Wang et al. (1) show only thick lamellar bone 
(with several layers of lamellae) surrounding 
vascular canals in the thin sections of the 
headgear of Discokeryx, Honanotherium, and 
the bovid Turcocerus sp., which is a common 
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character in a typical developed secondary 
osteon. Therefore, osteons cannot demonstrate 
“horn” differentiation between giraffoids and 
bovids. Fourth, in giraffids there is only one 
foramen on the parietal bone beneath the 


ossicone, indicating the existence of the cor- 
nual vein that joins the superficial temporal, 
as in other horned ruminants (7), which is 
mistaken for the foramen far behind an os- 
sicone (7). Finally, similar semicircular canals 
in Discokeryx, extant giraffes, and the bovid 
Tsaidamotherium suggest that this feature 
most likely does not have phylogenetic sig- 
nificance (7). In addition, the bilobed lower 
canine, which is considered one of the most 
diagnostic features of Giraffidae (8), has not 
yet been found in Discokeryz or other Pecora. 
The headgear of Discokeryx was described as 
covered with keratinous integument—which 
is not found in giraffids. 

Wang et al.’s phylogenetic analysis (1) reached 
the result that Discokeryx was a sister group 
of the bovid Tsaidamotherium. We checked 
their data matrix and found that some im- 
portant characters and taxa were omitted, in 
addition to some problematic scoring. The 
upper dentition and some skull characters of 
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Tsaidamotherium are coded with a question 
mark even though the data are available (9), 
whereas the astragalus was coded in all fossil 
taxa, a character that had not been reported in 
some extinct Pecora including Discokeryx. We 
evaluated the phylogenetic data without add- 
ing taxa or characters, clarified some ambig- 
uous statements of the headgear characters, 
rescored the inaccurate coding, and produced 
a strict consensus parsimony tree based on 
morphological data (Fig. 1). Our reanalysis 
shows that Discokeryz is not in the clade of 
giraffoids but rather is a more primitive ru- 
minant with a stem phylogenetic position, 
whereas Tsaidamotherium is certainly in 
the clade of bovids. Our results indicate that 
character coding is very important in phylo- 
genetic analyses and should be considered 
carefully. 

Aside from the systematic position of Discokeryx, 
we have concerns about the argument concern- 
ing head-neck evolution in giraffes. Wang et al. 
() claimed “intensive sexual combats” in the 
evolution of giraffoids based on more diverse 
headgear and head-neck morphologies than 
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in other ruminant groups. Further, they argued 
(d) that “the ecological positioning on the mar- 
ginal niches promoted the intensive sexual 
competition, and the fierce sexual combats fos- 
tered extreme morphologies to occupy the spe- 
cial niches in giraffoids”. We query these claims 
for four reasons. First, as we argue, Discokeryx 
is not a giraffoid. Second, there is no evidence 
that ‘necking’ caused neck elongation (JO). 
Third, the headgear diversity of giraffoids has 
been overweighted by artificially using differ- 
ent criteria in different pecoran groups, thus it 
cannot be used to infer “intensive sexual com- 
bats” in giraffoids. Fourth, the reference to 
Discokeryzx living in marginal niches in which 
sexual selection was intense is belied by the 
fact that it is part of a fossil fauna including 
many other mammals, and that there were di- 
etary overlaps between Discokeryx and other 
mammals. Similarly, giraffoids were also claimed 
as having lived in marginal niches (7), which 
were in fact shown to be a dominant part of 
late Miocene faunas (77) and spanned the en- 
tire dietary spectrum of browsing, mixed feed- 
ing, and grazing (12). 
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Response to comment on “Sexual selection 
promotes giraffoid head-neck evolution 


and ecological adaptation” 


Shi-Qi Wang!*, Jin Meng>*, Bastien Mennecart*®, Loic Costeur’, Jie Ye>*, Chunxiao Li**°, Chi Zhang*?, 
Ji Zhang”®, Manuela Aiglstorfer®, Yang Wang’°™, Yan Wu*?, Wen-Yu Wu?, Tao Deng'>* 


Hou et al. challenged the giraffoid affinity of Discokeryx and its ecology and behavior. In our response 
we reiterate that Discokeryx is a giraffoid that, along with Giraffa, shows extreme evolution of head- 
neck morphologies that were presumably shaped by selective pressure from sexual competition and 


marginal environments. 


ou et al. (1) challenged our view that 

Discokeryx xiezhi is a member of giraf- 

foids and questioned its significance on 

giraffoid head-neck evolution and eco- 

logical adaptation (2). We disagree with 
their arguments for the following reasons: 
First, Hou et al. mistakenly interpreted a 
previous study (3) in which the horncore 
proper in the bovid species Urmiatherium 
intermedium is supported by the frontal only 
[figures 1 and 11 in (2)], as reiterated by others 
(4). Bovids have neither parietal supported 
horncores nor median positioned horncores 
(5). Second, a giraffe’s ossicone is covered 
by skin but the apex becomes cornified in 
mature males that engage in head and neck 
sparring (6). In Discokeryx, skin must have 
covered the lateral surface of the headgear 
whereas the dorsal surface was most likely 
cornified, making the headgear a highly spe- 
cialized ossicone. In bovids, the supraperios- 
teal tissues induce horncore formation and 
normally there is no suture separating bony 
elements in horncore development (7). In 
Discokeryx and Tsaidamotherium hedini, the 
epiphyseal line is clear, showing a developmen- 
tal ossification different from that of bovids. 
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Third, the histological slices of Discokeryx 
and Honanotherium show thick lamellar 
bones that are clearly different from those 
of the bovid Turcocerus in which secondary 
osteons predominate (2), reflecting obvious 
and convincing differences in the two types. 
Fourth, Hou et al. misunderstood our inter- 
pretation of the cornual vein in giraffes and 
Discokeryx. The cornual veins do not pass 
through the cranial bone in bovids, in con- 
trast to giraffes and Discokeryx where they 
pass through the large foramen on the parietal 
bone before joining the superficial temporal 
vein (8). Fifth, the bony labyrinth as a con- 
servative organ remains mostly unaffected 
under various environmental or behavioral 
selective pressures compared to teeth and 
long bones, which is important for phyloge- 
netic reconstruction (9). Giraffoid labyrinths 
show a distinct morphology in that the post- 
erior ampulla insertion of the lateral semi- 
circular canal is very close to that of the 
posterior canal, which is present in all giraf- 
foids known but absent in all bovids exam- 
ined, including the earliest species Eotragus 
artenensis (Fig. 1). The giraffoid condition is 
also present in Tsaidamotherium hedini (Fig. 
1), a feature phylogenetically distancing the 
species from Bovoidea (9). Moreover, a lack of 
canines in Discokeryx specimens is not suf- 
ficient evidence to exclude it from giraffoids. 
Similarly, the canine is unknown in the un- 
equivocal giraffid Canthumeryx (10), whereas 
Orangemeryx has one-lobed lower canines 
(11) but is still placed in Giraffoidea (7). Fur- 
ther, lack of keratinous integument is not a 
synapomorphy for giraffids, not to mention 
the cornified apex of the giraffe ossicone (6). 

Hou et al. modified some characters and 
character codings of our dataset and, using a 
different method, obtained a different tree 
topology [figure 1 in (J)]. Without knowing 
what has been changed, we cannot respond 
to their result adequately. Nonetheless, their 
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phylogeny (1) is similar to ours in that 
Discokeryx is grouped with Prolibytherium 
but differs in having a more basal position for 
Prolibytheriidae. However, in their phylogeny 
(1), Cervidae as a basal group of Pecora (more 
basal than Discokeryx) is untenable, which 
also broadly contradicts the molecular phylog- 
eny in which Antilocapridae are at the base of 
pecorans and Cervidae pairs with Bovoidea 
(12). What surprises us is the deep insertion of 
Tsaidamotherium within bovids [figure 1 in 
(1)]. As clearly illustrated [figure S5, I to J, in (2)], 
the horncore of Tsaidamotherium is on the 
parietal bone, as in giraffoids but not bovids. 
Along with the epiphyseal line and bony laby- 
rinth feature stated above, Tsaidamotherium is, 
in our view, a giraffoid and not a bovid. Hou et al’s 
phylogeny suggests either an awkward horn- 
core evolution in ruminants or problematic char- 
acter codings in their analysis. 

Hou et ail.’s five reasons (7) to question our 
interpretation of the implications of Discokeryx 
on giraffoid evolution are largely off target. 
First, Discokeryz is a giraffoid by our phylog- 
eny; even so, one cannot assume “an anteced- 
ent of the behavior of modern giraffids” (J). 
Second, we do not think Hou et al. intended 
to offer a scenario where head-butting could 
evolve to necking behavior; their second 
argument is an empty statement. Third, neck 
elongation induced by necking combat was 
postulated long ago (73) but was miscredited 
to us (7). Nonetheless, as an alternative to the 
traditional feeding hypothesis for elongation 
of giraffe necks, both need to be tested by new 
evidence. Our study better corroborates the 
necking combat hypothesis without ruling 
out the traditional one; both mechanisms may 
have worked for the neck elongation of giraf- 
fes. Fourth, the statement “the headgear diver- 
sity of giraffoids has been overweighted by 
artificially using different criteria in different 
pecoran groups” (7) is confusing. Strong corre- 
lation between horn and antler morphology 
and fighting styles in bovids and cervids has 
been shown (J4). That giraffoid headgear mor- 
phologies are more diverse than those of other 
ruminants is partly attributable to the fibro- 
cartilage ossification of ossicones that fuse to 
the cranium with greater flexibility of changes 
(15). Head-butting behavior in Discokeryx is 
supported by the most extreme head-neck 
structures ever known in mammals. These 
are by no means overweighted and artificial. 
Fifth, suggesting that that the mammals in- 
cluded in the Halamagai fossil assemblage 
must have dietary overlaps (7) could be mis- 
leading. The complex fluvial sediments, repre- 
senting a high-energy tophonomic setting, 
have buried a wide diversity of mammals, 
of which some could have lived in nonoverlap- 
ping niches. 

To summarize, we feel more strongly than 
before that D. xiezhi belongs to Giraffoidea. 
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Fig. 1. Bony labyrinth of some bovids and giraffoids. The black arrowheads indicate the insertions of the lateral semicircular canal (Isc) of posterior ampulla (pa), 
which are different in giraffoids and bovids but are common within each group; not to scale. 
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WORKING LIFE 


By Jaivime Evaristo 


726 


Hard lessons 


y phone rang after I boarded a plane at the Amsterdam airport, on my way to visit family in 
the Philippines. It was my former Ph.D. adviser calling to tell me a preprint had just been 
posted that identified flaws in a paper we’d published in Nature looking at how forestry 
practices affect streamflow. My stomach dropped as he told me the authors of the critique 
were demanding a retraction. We couldn’t talk long—the plane soon took off. I spent the 
16-hour flight processing a mix of emotions—disbelief, embarrassment, frustration—and 
wondering what this would mean for my career. 


After the plane landed, I took out my 
laptop and logged onto the airport 
WiFi so I could read the critique for 
myself. It was harsh and thorough, 
pointing out several fundamental 
flaws in our methods and in the 
underlying data, which we'd gath- 
ered from other studies. 

The fallout was swift and intense. 
I received a flood of emails and mes- 
sages. Some were from supportive 
colleagues, but many were harshly 
critical of our work. “You should not 
have used that metric even if it was 
used by earlier studies,’ one wrote. 
“Those earlier studies were also 
wrong!” As the first author of the 
paper and the person who had done 
all of the data analysis, I felt deeply 
embarrassed by the criticism. 

We wrote a draft response, cor- 
recting the apparent errors in the 
data set and defending our methods. Nature sent our re- 
sponse out for peer review, along with the critique. We 
decided against publishing our response, however, after 
receiving feedback from peer reviewers. Our mistakes were 
consequential, and it was clear that the only ethical thing to 
do was to retract the paper. 

By that point in my career, I was well past graduate school 
and had secured a faculty position in the Netherlands. But 
I was still devastated by the toxic comments that appeared 
on social media and in exchanges with anonymous peer re- 
viewers. Colleagues encouraged me to have a thick skin and 
ignore comments that seemed to be directed at me person- 
ally. But I had a hard time doing that. I struggled with self- 
esteem, started to avoid meetings and conferences, and de- 
leted my Twitter account to protect my mental health. 

When it became clear that a retraction was inevitable, I 
formally offered my resignation to my department head. He 
didn’t accept it, saying a resignation wasn’t needed consider- 
ing the errors in the paper were honest mistakes. 


“Researchers should be 
encouraged, not punished, for... 
retracting flawed work.” 


I decided to carry on, hopeful I 
could eventually recover my repu- 
tation by publishing sound science 
and demonstrating that I’d learned 
from my mistakes. But that has 
turned out to be a tough path. In 
the 3 years since the retraction 
came out, I’ve had trouble getting 
my work published. I’ve also had 
problems securing funding for 
new projects, even when the pro- 
posed work had nothing to do with 
the work that was retracted and 
external reviewers were positive 
about my proposal. 

Despite these challenges, I don’t 
regret our decision to retract the 
paper. It may have been embarrass- 
ing and humbling, but it was the 
right thing to do. And the experi- 
ence helped me grow as a scientist. 
I had made my data and code for 
the Nature paper openly accessible so others could review 
and verify my findings, and I have a new appreciation of 
the value of doing so. This transparency is essential for the 
integrity of science, and I learned the hard way that it is 
better to be open and accountable, even if it means admit- 
ting mistakes. After taking a hard look at my own role in 
the situation, I have also realized I should have reached out 
to other researchers to get feedback on my methods before 
publishing. I can’t expect myself to know everything as a 
scientist and my work will be stronger if I seek out diverse 
expertise and opinions. 

In the end, the reality is that retractions are a necessary 
part of the scientific process—and one that shouldn’t be 
viewed only through a negative lens. Retractions can also 
be an opportunity to learn and improve. Honest mistakes 
happen, and researchers should be encouraged, not pun- 
ished, for doing the right thing and retracting flawed work. & 
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